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Abstract
This thesis involves locating and interpreting earthquakes from the Sichuan Province,
China. The main contributions of this research are: successfully fitting the travel time
data of three explosions to a two-layer crust model; and the improvement in locating
earthquakes. To achieve these objectives, the Gauss-Newton method is applied iteratively
to find the nonlinear least squares solution. The Monte Carlo method and the Gauss-
Newton method were jointly used to locate events and simultaneously optimize the crust
model. The iterative station correction method is adopted to compensate the incorrectness
of the velocity model and to improve the event locations. The joint master event method
can improve the location of the events near the master event.
The modified Hypoinverse not only can locate events based on the spherical crust model,
but can also jointly improve the crust model used. A three-dimensional crust model is
next to be optimized and to improve event locations further.
We also present geological interpretation about earthquake locations in Sichuan and their
tectonic implications.
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Chapter 1
Introduction
Improving the accuracy of seismic event location is an important part of refining tectonic
interpretation. Event locations are an important factor in delineating faults, and therefore
mislocations can significantly distort our understanding of earth structures. In this thesis,
132 seismic events (129 earthquakes plus 3 explosions) from Sichuan Province, China
will be relocated to improve the accuracy of those events followed by tectonic
interpretation.
China is a region of the world with intense seismic activity. Figure 1-1 shows a
partial history of earthquakes with damage potential (magnitude > 5.0) for the period
1973-1998. One of the most seismically active areas in China lies within and adjacent to
Sichuan Province. Major north-south and northwest-southeast striking faults cut through
the middle and western parts of Sichuan following the general trend of the earthquake
epicenters.
Two major tectonic regimes stand out in the Sichuan Province. Covering the
eastern half of the province is the Sichuan Basin, forming a topographic low with
elevations ranging from less than 500 m to about 900 m around the edge of the basin
(Figure 1-2). To the west, the elevations increase dramatically over very short lateral
distances along the eastern border of the Tibetan Plateau. For example, along the
southwestern margin of the basin, over a horizontal distance of 110 km, the elevations
rise abruptly to 7500 m. A major thrust zone trends north to northeast along the sudden
transition between the basin and the Tibetan Platean (Burchfiel et al., 1995). A significant
portion of the seismicity in Sichuan province is coincident with this zone of abrupt
change in elevation (Figures 1-1 and 1-2), and does not delineate active faults. The
seismic zone is diffuse at the northern and southern ends; no major visible faults exist in
the central part of the zone, although there is seismicity. Another linear distribution of
seismicity appears to correlate roughly with major strike-slip faults (Burchfiel et al.,
1995) striking northwest in western Sichuan (Figure 1-1).
Key questions that need to be answered include:
1) Is the diffuse pattern of seismicity due to the presence of many
unmapped or hidden faults, or is it due to hypocenter location
inaccuracies?
2) Are there a number of shallow thrust faults that are responsible for the
broad zones of epicenters?
3) With newly densified and improved seismic networks in Sichuan
Province (digital and broadband recordings), could the seismicity maps
of earthquake characterization be improved through relative location,
waveform modeling, and better depth determination?
4) Given the strong contrasts in geology and crustal thickness between the
eastern (Sichuan Basin) and western (Tibetan Plateau) halves of the
province, could better estimates of travel times, from 3-D modeling of
velocity structure and/or path correlations, be used to improve
earthquake locations?
5) How significant is attenuation variation across the province as it affects
earthquake detectability and hazard determination, and how does this
variation correlate with differences in geology across the region?
To answer these questions, we will utilize all earthquake data, starting with the
most recent digital waveform and parametric data recorded by the expanded and
improved seismic networks. Next, we will analyze and process older instrumental data
(i.e., parametric data). Finally, we will incorporate historic earthquakes with good
locations based on surface rupturing or well-defined isoseismals. After defining the best
velocity structure and/or path corrections, we will relocate the seismicity, especially old
events.
1.1 Tectonic Setting
The Sichuan study region, which includes the Sichuan Province and surrounding areas, is
located in the southwestern part of China. Western China can be divided into two main
tectonic units, the north China and south China blocks. These blocks collided in late
Triassic time and are now delineated by the Qinling suture zone. The South China block
(also known as the Yangtze block) can be further divided into sub-blocks Yangtze I and II
(Figure 1-3). Yangtze I is a triangular block making up the northwestern part of the south
China block, with Yangtze II making up the southeastern part of the South China block.
According to Kimura et al. (1990), the Yantze I block, on which Sichuan Province is
located, was underthrust to the west during Jurassic to Cretaceous time and formed the
Sichuan Basin. Small underthrusting also occurred on the eastern and northern borders of
the block. The Yangtze I block has a complicated deformational pattern resulting from its
eastward movement relative to the North China and Yangtze II blocks. The collision of
India with Asia and the continued northward movement of the Indian plate control the
present day tectonics of Sichuan Province and surrounding regions (Burchfiel et al.,
1995).
This complex tectonic setting has two important features, the varying sediment
layer thickness and varying crustal thickness. Overall, the Sichuan Basin has a thick
sediment layer relative to the rest of the region. The depth to the Moho under the region
also changes considerably. The depth varies from 40 to 63 km over a 600 km lateral
distance, with a general deepening to the west, reflecting the underthrusting of the
Yangtze I block (Ren et al, 1987).
1.2 Seismic Networks and Data
There are 106 local and regional seismic stations used in this paper that are located in
Sichuan Province (Figure 1-4). Most of these stations are short-period instruments, and
about 40 have three-component sensors. The ground-motion signals from seismic events
are recorded in digital format at three major recording centers. Over ten years, monthly
seismic bulletins have been accumulated by the Seismological Bureau of Sichuan
Province (SBSP). The bulletins include listings of event hypocenter parameters for
events in the Sichuan Province. Data from local and regional network stations are
processed to detect and locate earthquakes down to magnitudes of 3.5 and lower. A map
of earthquake epicenter distribution in the Sichuan Province for magnitude 2.5 during
the period 1970 through May 31, 2000 is shown in Figure 1-5. Epicenters of magnitude
5.0 earthquakes are presented in Figure 1-6 for the period 780 B.C. through 2000 A.D.
These two figures were provided by the SBSP. They show much more detailed data for
the seismicity from small to large magnitudes and for the faults in the region. These and
future data provided by the SBSP will greatly improve our ability to carry out the
objectives of our study.
Other data sources for hypocentral and arrival time data, accessible by the
Internet, are the PIDC, USGS/IRIS, and the CDSN (Chinese Digital Seismic Network).
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Figure 1-1: Map of China and the surrounding region. Sichuan Province is shaded in cyan.
Faults are shown (thin magenta lines) relative to the distribution of earthquake epicenters
(red dots) for the period 1973-1998 (USGS PDE catalog).
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Figure 1-2: Color-coded elevation map of China and the surrounding region. Green to red
indicates low to high elevations, respectively. Sichuan Province is outlined with a thicker
boundary than the other provinces of China. The green area in the eastern part of China is
the Sichuan Basin. Major north-south trending faults (thin cyan lines) lie along the sudden
transition from the Sichuan Basin to the mountains toward the west.
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Figure 1-3: Generalized tectonic map of southwestern China, from Kimura et al. (1990).
Q.S. = Qinling suture zone; N = North China Block; Y I = Yangtze I block; Y II =
Yangtze II block; I = Indochina block.
15
104' 106* 1
96 98' 1000 102' 104*
km
0 200
1 Elevation (m) 7213
Figure 1-4: 106 local and regional seismic stations used in this paper are located in
Sichuan Province and Yunan Province.
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Seismic Epicentral Distibution in Sichuan
(1970.1.1---2000.5.31 )
Figure 1-5: Epicenter map of earthquakes of magnitude 2.5 and greater occurring between
1970 and 2000 in and adjacent to Sichuan Province in China. The red lines represent
mapped faults in the region. These data were provided by the Seismological Bureau of
Sichuan.
Seismic Epicentral Distibution in Sichuan
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Figure 1-6: Epicenter map of earthquakes of magnitude 5.0 and greater occurring in and
adjacent to Sichuan Province in China. The red lines represent mapped faults in the region.
These data were provided by the Seismological Bureau of Sichuan.
Chapter 2
Characterizing Tectonics Based on
Locations of Seismicity
We use the locations of the seismicity in the Sichuan Province to characterize the
tectonics. Earthquake events recorded by USGS and IRIS from 1990 to 2000 are plotted.
Recent events recorded by the Sichuan network are also incorporated.
2.1 Existing Events by USGS and IRIS
There are many events in the Sichuan area recorded by IRIS and USGS each year.
Plotting the existing events from 1990 to 2000 can help characterize the tectonics in
Sichuan.
2.1.1 Searching Existing Events in the USGS Database
Figure 2-1 shows the epicenter map of the existing events of magnitude of 3.5 and greater
in and adjacent to the Sichuan area, occurring between 1990 and 2000, in the USGS and
IRIS database. In eleven years, there were a total of 2775 events recorded by IRIS in a
searching box of 24-34 degrees in latitude and 96-112 degrees in longitude. Only 83 of
these events had magnitude 5.5 or greater, and there are 803 events of magnitude of 4.0
and greater (Figure 2-2).
2.1.2 Existing Events with Magnitude of 4.0 and Above
Figure 2-2 shows the bigger earthquakes recorded by USGS and IRIS that are scattered
among the mapped faults. It is possible that some of those bigger events are mislocated or
there are still unmapped faults existing in the Sichuan Province. We need to relocate
those big events to improve the accuracy of location so we can then delineate seismicity
by mapping more faults. Some events from local Sichuan and regional networks are
provided by SBSP. We will relocate those events and a comparison of locations by
different reporting agencies will also be discussed.
2.2 Events Provided by Sichuan Network
There are a total of 129 earthquake events of magnitude of 2.0 and greater and three
ground truth events provided by SBSP. Figure 2-3 shows the locations of the first 48
events located by SBSP. Table 2-1 shows the epicenters (longitude and latitude), origin
time and depth of those 48 events.
2.3 Improved Location and Delineation
We will first set up a one-dimensional, six-layer model for the Sichuan area and then
apply HYPOINVERSE and VELEST to locate the events provided by SBSP.
2.3.1 Sichuan Model
Many velocity studies of the Sichuan area can be found in the literature. Crustal velocity
profiles by Li and Mooney (1998) were constructed from deep seismic sounding data.
Crustal velocity profiles derived from explosion data using two-dimensional ray-tracing
were by Yin and Xiong (1992), and by Xiong et al. (1993). Two-dimensional velocity
slices from Liu et al. (1993) and Zeng et al. (1992) were derived from tomographic
inversion of local and teleseismic earthquake data. Larger studies covering wide sections
of the Chinese continent were also incorporated, including two-dimensional velocity
images by Li et al. (1990) derived from P wave travel-time residuals of regional and
distant earthquakes, Pn travel times from McNamara et al. (1997) obtained by travel time
tomography, and a regional velocity profile derived from waveforms and travel times of
long period P waves in the upper mantle by Wang and Yao (1991). In places where
velocity studies overlap there are often great discrepancies. Vincent (2000) built a 3-D
velocity model for the Sichuan area based on the above studies. In this paper however, we
will set up a 1 -D velocity model to use for relocations in the Sichuan area.
2.3.2 Earthquake Location in ID Media
One-dimensional velocity models have traditionally been applied to locate earthquakes.
Flinn (1965) implemented the least squares Geiger's method (Geiger, 1910) to locate
events, and developed a method for calculating confidence regions. The one-dimensional
velocity model used in this paper is shown in Figure 2-4. The model contains six-layers
and is originated by Zhou et al. (1995). It is based on travel-time data from local and
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regional earthquakes. The moho depth is set to be 61km in the model. As mentioned
earlier in the paper, the moho depth varies from 40km in the basin to 65 or 70 km in
plateau. Thus, the velocity in the model at the moho depth is faster than the crustal
velocity in the plateau and is slower than the upper mantle velocity in the basin.
The widely used one-dimensional earthquake location program HYPOINVERSE
(Klein, 1978) was used to compute locations for events provided by SBSP using the one-
dimensional six layer model (Zhou et al. 1995). The six layer model (Figure 2-4) was
chosen from a group of one-dimensional models after it returned the smallest residual
normals for the events provided by SBSP.
Table 2-2 shows the comparison of epicenters and depths of 48 earthquakes
located by SBSP and by MIT-ERL using HYPOINVERSE. We can see that both the
locations provided by SBSP and those located by MIT are indeed very close. They are
within 10 km by 10 km in area. Most averaging residuals at each station for all 48 events
are larger than 0.5 seconds. This means residuals are bigger than human picking errors. It
is therefore necessary to study the location accuracy of events and to improve the
locations of events.
48 EARTHQUAKES LOCATED BY SEISMOLOGICAL BUREAU OF SICHUAN PROVINCE
Lat Lon Lat Lon
No. YY/MM/DD Origin Time (deg., min.) (deg., min.) Mag. Mag. D (km.) (deg., dec.) (deg., dec.)
1 1999.12. 1 31909.9 3128 10418 ML:2.3 MS: H:27 31.47 104.30
2 1999.12. 1 53558.8 3111 10350 ML:2.6 MS: H:20 31.18 103.83
3 1999.12. 5 185732.6 3037 10247 ML:2.6 MS: H:27 30.62 102.78
4 1999.12.6 13637.7 2902 10152 ML:2.6 MS: H:11 29.03 101.87
5 1999.12.13 164942.3 2814 10355 ML:3.5 MS: H:10 28.23 103.92
6 1999.12.20 74909.9 3113 10319 ML:2.5 MS: H:20 31.22 103.32
7 1999.12.22 40639.1 2658 10246 ML:4.0 MS: H: 9 26.97 102.77
8 1999.11.2 111840.9 3151 10432 ML:2.2 MS: H:0 31.85 104.53
9 1999.11. 7 75245.7 3044 10334 ML:2.2 MS: H:21 30.73 103.57
10 1999.11. 7 141502.8 3125 10241 ML:2.3 MS: H:23 31.42 102.68
11 1999.11.10 131725.9 3044 10333 ML:3.2 MS: H:20 30.73 103.55
12 1999.11.12 222921.9 2822 10455 ML:3.6 MS: H:25 28.37 104.92
13
14 1999.11.23 73502 2955 10309 ML:2.6 MS: H:33 29.92 103.15
15 1999.11.30 131134.2 2930 10206 ML:2.4 MS: H:12 29.50 102.10
16 1999.11.30 162452.5 3126 10420 ML:0 MS:5.0 H: 1 31.43 104.33
17 1999.11.30 181204.3 3012 10249 ML:3.1 MS: H:30 30.20 102.82
18 1999.10. 1 103009.1 2834 10400 ML:3.9 MS: H:0 28.57 104.00
19 1999.10.4 75151.2 3120 10307 ML:2.8 MS: H:22 31.33 103.12
20 1999.10. 4 82629.2 2850 10237 ML:2.4 MS: H:18 28.83 102.62
21 1999.10. 6 35157.7 3212 10104 ML:2.3 MS: H:0 32.20 101.07
22 1999.10. 9 65744 2830 10241 ML:2.4 MS: H:19 28.50 102.68
23
24 1999.10.12 40757.9 3051 10328 ML:2.9 MS: H:18 30.85 103.47
25 1999.10.15 213104 2625 10258 ML:2.7 MS: H:0 26.42 102.97
26 1999.10.15 225258.9 3233 10410 ML:2.1 MS: H:0 32.55 104.17
27 1999.10.20 72946.4 3136 10405 ML:3.0 MS: H:22 31.60 104.08
28 1999.10.25 163452.9 3202 10329 ML:2.2 MS: H: 5 32.03 103.48
29 1999.10.26 90738.3 2925 10531 ML:2.8 MS: H:0 29.42 105.52
30 1999.10.26 170644.4 3212 10433 ML:3.0 MS: H:23 32.20 104.55
31 1999.10.30 110821.1 3155 10115 ML:2.9 MS: H:0 31.92 101.25
32 1999.10.31 63021.5 3006 10201 ML:2.6 MS: H:13 30.10 102.02
33 1999.9.2 135525.5 3143 10220 ML:2.3 MS: H:0 31.72 102.33
34 1999.9.7 165634 3117 10330 ML:2.2 MS: H:16 31.28 103.50
35 1999. 9. 8 90640.5 3038 10328 ML:3.8 MS: H:26 30.63 103.47
36 1999. 9. 9 161547.9 2531 10158 ML:3.3 MS: H:0 25.52 101.97
37 1999.7.10 114029.1 3010 10228 ML:3.0 MS: H:23 30.17 102.47
38 1999.7.16 43344.3 3114 10346 ML:2.4 MS: H:26 31.23 103.77
39 1999. 7.28 21408.2 2750 10331 ML:3.1 MS: H:12 27.83 103.52
40 1999. 7.30 201105.5 3020 10137 ML:3.3 MS: H:24 30.33 101.62
41 1999.6.5 114818.8 3106 10336 ML:2.2 MS: H:14 31.10 103.60
42 1999. 6.12 175840.1 2939 10315 ML:2.4 MS: H:25 29.65 103.25
43 1999.6.13 113439.2 3119 10316 ML:3.0 MS: H:0 31.32 103.27
44 1999. 6.16 94823.6 3115 10349 ML:3.0 MS: H:21 31.25 103.82
45 1999.6.16 121022.2 3145 10145 ML:3.1 MS: H:27 31.75 101.75
46 1999. 6.21 24746.5 2928 10539 ML:3.9 MS: H:10 29.47 105.65
47 1999. 6.23 22336.6 2749 10333 ML:3.7 MS: H:25 27.82 103.55
48 1999. 4.2 114209.9 2847 10334 ML:2.1 MS: H:13 28.78 103.57
49 1999. 4.15 142910.7 3303 10459 ML:4.2 MS: H:32 33.05 104.98
50 1999.4.15 164838.6 2901 10215 ML:3.0 MS: H:1 1 29.02 102.25
Table 2-1: The epicenters, origin times and depths of first 48 events from SBSP.
China Hyp. Inv. China Hyp. Inv. China Hyp. Inv.
No. of Erq. Lat. Lat. Lon. Lon. Depth (km.)Depth (km.)
1 31.47 31.46 104.30 104.31 27 18
2 31.18 31.20 103.83 103.85 20 14
3 30.62 30.65 102.78 102.78 27 17
4 29.03 29.03 101.87 101.86 11 0
5 28.23 28.20 103.92 103.92 10 1
6 31.22 31.22 103.32 103.33 20 10
7 26.97 26.98 102.77 102.69 9 2
8 31.85 31.86 104.53 104.55 0 2
9 30.73 30.72 103.57 103.54 21 3
10 31.42 31.43 102.68 102.68 23 10
11 30.73 30.74 103.55 103.55 20 11
12 28.37 28.42 104.92 104.89 25 17
13
14 29.92 29.90 103.15 103.12 33 37
15 29.50 29.51 102.10 102.07 12 0
16 31.43 31.43 104.33 104.34 1 25
17 30.20 30.19 102.82 102.83 30 13
18 28.57 28.63 104.00 103.98 0 9
19 31.33 31.35 103.12 103.11 22 0
20 28.83 28.84 102.62 102.63 18 1
21 32.20 32.01 101.07 101.10 0 1
22 28.50 28.51 102.68 102.69 19 9
2 3 ______._71_
24 30.85 30.87 103.47 103.47 18 9
25 26.42 26.43 102.97 103.07 0 1
26 32.55 32.44 104.17 104.17 0 1
27 31.60 31.61 104.08 104.09 22 15
28 32.03 32.06 103.48 103.49 5 2
29 29.42 29.36 105.52 105.46 0 18
30 32.20 32.20 104.55 104.56 23 16
31 31.92 31.75 101.25 101.30 0 1
32 30.10 30.12 102.02 102.02 13 7
33 31.72 31.63 102.33 102.37 0 1
34 31.28 31.32 103.50 103.50 16 14
35 30.63 30.62 103.47 103.46 26 9
36 25.52 25.93 101.97 102.06 0 0
37 30.17 30.17 102.47 102.47 23 13
38 31.23 31.24 103.77 103.76 26 12
39 27.83 27.82 103.52 103.53 12 0
40 30.33 30.35 101.62 101.63 24 1
41 31.10 31.12 103.60 103.65 14 9
42 29.65 29.67 103.25 103.25 25 16
43 31.32 31.24 103.27 103.34 0 13
44 31.25 31.23 103.82 103.83 21 8
45 31.75 31.78 101.75 101.74 27 1
46 29.47 29.46 105.65 105.61 10 10
47 27.82 27.83 103.55 103.54 25 0
48 28.78 28.79 103.57 103.58 13 8
49 33.05 33.14 104.98 104.96 32 9
50 29.02 29.05 102.25 102.34 11 16
Table 2-2: Comparison of hypocenters by SBSP and MIT-ERL by HYPOINVERSE.
Seisnmity 1990 2000 (IRIS Catalog, M > 3 5)
Figure 2-1: Epicenter map of earthquakes of magnitude 3.5 and greater occurring between
1990 and 2000 in and adjacent to Sichuan Province in China. The yellow lines represent
mapped faults in the region. These data were provided by IRIS and USGS.
Seismicity in Sichuan 1990 2000 (IRIS Catalog, M 4 0)
Figure 2-2: Epicenter (yellow circle) map of earthquakes of magnitude 4.0 and greater
occurring between 1990 and 2000 in and adjacent to Sichuan Province in China. The
yellow lines represent mapped faults in the region. The triangles represent the stations in
and adjacent Sichuan Province. These epicentral data were recorded by IRIS and USGS.
Figure 2-3: Epicenter (yellow circle) map of 49 earthquakes of magnitude 2.0 and greater
occurring in 1999 in and adjacent to Sichuan Province in China. The yellow lines represent
mapped faults in the region. These epicentral data were recorded by SBSP.
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One-dimensional Six-layer Model
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Figure 2-4: One-dimensional velocity model of Sichuan Province (Ran Zhou et al. 1995).
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Chapter 3
Theory: Generalized Inversion
Nonlinear Optimization
and
Many scientific problems involve estimating parameters from nonlinear models or
solving nonlinear differential equations that describe the physical processes. Calculation
of earthquake hypocenters is treated as a nonlinear optimization problem which involves
solving a set of linear equations. The problem of solving a set of linear equations may be
written as
Ax
where A is a real
dimensional model
solve for unknown
defining error
and
= b (3.1)
sensitivity (Jacobian) matrix of m rows by n columns, x is an n-
vector, and b is an m-dimensional data vector. Our problem is to
vector x, given a model matrix A and a set of observations b. By
E=b-Ax
SLS = T = (b - Ax)'(b - Ax).
(3.1 a)
(3.1b)
Setting
VXSLS = 0 (3.1c)
yields
-Ab T b+A T Ax = 0. (3.1d)
and the least squares solution is
XLS = (ATA} AT b. (3.1 e)
3.1 Nonlinear Optimization
Any equation that is not linear is called a nonlinear equation. We often have to solve
nonlinear equations because many physical problems cannot be described adequately by
linear models. For example, the travel time between two points in nearly all media
(including the simplest case of constant velocity) is a nonlinear function of the spatial
coordinates. Thus locating earthquakes in a local network is usually formulated as a
nonlinear least squares problem. The sum of the squares of residuals between the
observed and the calculated arrival times for a set of stations is to be minimized. This
leads directly into the problem of nonlinear optimization.
3.1.1 Problem Definition
The basic mathematical problem in optimization is to minimize a scalar quality yr which
is the value of a function F(x 1 , x2 ,-. -, x) of n independent variables. These
independent variables, x1, x2 ,''', X,, must be adjusted to obtain the minimum required,
i.e.,
minimize {y = F(xI, x 2,', * n)}- (3.2)
The function F is referred to as the objective function because its value V/ is the quality to
be minimized.
It is useful to consider the n independent variables, x, X2 ,', Xn, as a vector in
n-dimensional Euclidean space,
X = (XI, x2,. -, xT (3.3)
where the superscript T denotes the transpose of a vector or a matrix. During the
optimization process, the coordinates of x will take on successive values as adjustments
are made. Each set of adjustments to x is termed an iteration, and a number of iterations
are generally required before a minimization is reached. In order to start an iterative
procedure, an initial estimate of x must be given. After K iterations, we denote the value
of Vg by /'(k), and the value of x by X(k). Changes in the value of x between two
successive iterations are just the adjustments applied. These adjustments may also be
thought of as components of an adjustment vector,
6x=(&A,2,''', &n)T (3.4)
The goal of optimization is to find after K iterations an X(k) that gives a minimum
value V/(k) of the objective function F. A point X(k) is called a global minimum if it
gives the lowest possible value of F. In general, a global minimum need not be unique;
and in practice, it is very difficult to tell if a global minimum has been reached by an
iterative procedure. We may only claim that a minimum within a local area of search has
been obtained. Even such a local minimum may not be unique locally.
Methods in optimization may be divided into three classes: (1) search methods
which use function evaluation only; (2) methods which in addition require gradient
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information or first derivatives; and (3) methods which require function, gradient, and
second-derivative information. The appeal of each class depends on the particular
problem and the available information about derivatives. In general, the optimization
problem can be solved more efficiently if more information about derivatives is provided.
However, this must be traded off against the extra computing needed to compute the
derivatives. Search methods usually are not effective when the function to be optimized
has more than one independent variable. Methods in the third class are modifications of
the classical Newton-Raphson (or Newton) method. Methods in the second class and
third class may be referred to as derivative methods, and are discussed next.
3.1.2 Derivative Method
These methods for optimization are based on the Taylor expansion of the objective
function. For a function of one variable, f(x), which is differentiable at least n times in an
interval containing points (x) and (x+&), we may expand f(x+&) in terms of f(x) as
df(x) 1 d"f(x) (&)n (3.5)f(x+3x)~ f(x)+ o+-+ S) 35dx n! dxn
For a function of n variables, F(x), where x is given by Eq. (3.3), we may generalize this
procedure and write
1
F(x + 6x)- F(x) + g T x + - (1x) T H(8x)+ --- (3.6)2
where g is the transpose of the gradient vector g and is given by
gT = VF(x) = (NF /8axi,8F1 /x2, - O--,F /x) (3.7)
and H is the Hessian matrix given by
H=
( axn8xI
a2F
ax2
a2F
axax2
a2F a2_F
ax ax aX12
a2F a2F
axax
a2F
a2F
k~axn
a2 F
a2F
n
(3.8)
In Eq. (3.6), we have neglected terms involving third- and higher-order derivatives. The
last two terms on the right-hand side of Eq. (3.6) are the first- and the second-order scalar
corrections to the function value at x which yields an approximation to the function value
at (x+6x). Thus we may write
F(x + 6x)~ =_V + i (3.9)
where c5y/ corresponds to the value of the scalar corrections or the change in value of the
objective function.
For Newton's method, we use both the first- and second-order correction terms,
i.e.,
9V/ = g Tx + - (x) T H(6x)2
" 8F(x)
Xi a
r= i 2,
Z" 82F(x)8
j=1 i J
(3.10)
To find the condition for an extremum, we carry out a partial differentiation of the right-
hand side of Eq. (3.10) with respect to dXk, k = 1,2, --, n. Assuming g and H are
fixed in differentiation with respect to &kx' we set the results to zero and obtain
MF(X) n 8a2F(x)
ax +$9,ox = 0, k = 1,2,---,n (3.11)8xk Ix, ak
In matrix notation and using Eq. (3.7) and (3.8), Eq. (3.11) becomes
g + H(Sx)= 0 (3.12)
Because Eq. (3.12) is a set of linear equations in 6x,, i = 1,2,--,n, we may apply
linear inversion and obtain an optimal adjustment vector given by
8x = -H-'g (3.13)
If the objective function is quadratic in x, the approximation used in Newton's method is
exact, and the minimum can be reached from any x in a single step. For more general
objective functions, an iterative procedure must be used with an initial estimate of x
sufficiently near the minimum in order for Newton's method to converge. Since this
cannot be guaranteed, modem computer codes for optimization usually include
modifications to ensure that (1) the 8x generated at each iteration is a descent or downhill
direction, and (2) an approximate minimum along this direction is found. The general
form of the iteration is 8x = -aGg, where G is a positive-definite approximation to
H-1 based on second-derivative information, and a represents the distance along the
- Gg direction to step. Alternatively, as iterations proceed, an approximate Hessian
matrix may be built up without computing second-derivatives. This is known as the
Quasi-Newton or variable metric method.
3.1.3 Nonlinear Least Squares
The application of optimization techniques to model fitting by least squares may be
considered as a method for minimizing errors of fit (or residuals) at a set of m data points
where the coordinates of the kth data point are (x)k, k = 1,2,-.- , m. The objective
function for the present problem is
F(x) = Y [rk (x) 2 (3.14)
where r, (x) denotes the evaluation of residual r(x) at the kth data point. We may
consider rk (x), k =152... , m, as components of a vector in an m-dimensional
Euclidean space and write
r = (r(x), SrM (x))T (3.15)
Therefore, Eq. (3.14) becomes
F(x)= r Tr (3.16)
To find the gradient vector g, we perform partial differential differentiation on Eq. (3.14)
with respect to X,, i = 1,2," , n , and obtain
aF(x)/ax, = Y2r(x) [ar,(x)/
k=1
or in matrix form using Eq. (3.7)
g=2A Tr
where the Jacobian matrix A is defined by
ax,], i =1,2,-- , n (3.17)
(3.18)
Br /ax, ar /x 2  -- r /8x,
A= Br2 lXa x r2 /X2 -- r2 / (X, 3.19)
alr/ ax, alr, / ax2  --- r xn
To find the Hessian matrix H, we perform partial differentiation on Eq. (3.17) with
respect to x, assuming that rk (x), k = 1,2,- , m , have continuous second partial
derivatives, and obtain
a2F(x) ' ar (x) ark (x) +2 r (x)
=21 +2A r (X) k(3.20)
axaxx k1 ax, ax axax
for i 1,2,... , n and j = 1,2, ... , n. In the usual least-squares method, we neglect the
second term on the right-hand side of Eq. (3.20), and we have in matrix notation using
Eq. (3.8)
H ~ 2A T A (3.21)
This approximation to H requires only the first derivatives of the residuals. Now we can
apply Newton's method and find an optimal adjustment vector. Substituting Eqs. (3.18)
and (3.21) into Eq. (3.13), we have
ax = [ATAY' T r (3.22)
and the resulting iterative procedure is known as the Gauss-Newton method.
In actual applications, the Gauss-Newton method may fail for a wide variety of
reasons. For example, if the initial estimate of x to start the iterative procedure is not near
the minimum, then the quadratic approximation used in Eq. (3.10) may not be valid.
Although we have reduced a nonlinear problem to solving a set of linear equations, we
may still encounter many difficulties in linear inversion. Many strategies have been
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proposed to improve the Gauss-Newton method. For example, Levenberg suggested that
Eq. (3.22) be replaced by
ax = -[ATA +021]'-A Tr (3.23)
where I is an identity matrix, and 9 may be adjusted to control the iteration step size. If 6
-+ oo, 8x tends to A T / 02 which is an adjustment in the steepest descent direction. If 0
- 0o, 8x is the Gauss-Newton adjustment vector. The idea is to guarantee a decrease in
the sum of squares of the residuals via steepest descent when x is far from the minimum,
and to switch to the rapid convergence of Newton's method as the minimum is
approached. Marquardt improved Levenberg's idea by devising a simple scheme for
choosing 0 at each iteration. The Levenberg-Marquardt method is also known as the
damped least square method and has been widely used.
3.2 Determination of Earthquake Location
If an earthquake occurs at origin time to and at hypocenter location (xo, y0 , zo), a
set of arrival times may be obtained from a local earthquake network. Using these data to
find the origin time and hypocenter of an earthquake is referred to as the earthquake
location problem. In this section, we will discuss how to solve the earthquake location
problem for local earthquake networks. We will concentrate on a single method (i.e.
Geiger's method) because it is the technique most commonly implemented on a general-
purpose digital computer today and our seismic events are located by using this method.
3.2.1 Formulation of the Earthquake Location Problem
Because the horizontal extent of a local earthquake network seldom exceeds several
hundred kilometers, curvature of the earth may be neglected, and it is adequate to use a
Cartesian coordinate system (x, y, z) for locating local earthquakes. Usually a point near
the center of a given network is chosen as the coordinate origin. The x axis is along the
east-west direction, the y axis is along the north-south direction, and the z axis is along
the vertical direction pointing downward.
In the earthquake location problem, we are concerned with a four-dimensional
space: the time coordinate t, and the spatial coordinates x, y, and z. A vector in this space
may be written as
S= (t, x, y, z)T (3.24)
where the superscript T denotes the transpose.
To locate an earthquake using a set of arrival times rk from stations at positions
(Xk, Yk, Zk), k = 1,2, ... , m, we must first assume an earth model in which
theoretical travel times T from a trial hypocenter at position (x', y, z*) to the
stations can be computed. Let us consider a given trial origin time and hypocenter as a
trial vector Z in a four-dimensional Euclidean space
Z* (t* x* y* z Y5 (3.25)
Theoretical arrival time tk from Z* to the kth station is the theoretical travel time T
*
plus the trial origin time t , or
tk(X)=T,(X*)+ t* for k =1,2," .., m (3.26)
Strictly speaking, T does not depend on t*, but we express T as T (x) for
convenience in notation.
We now define the arrival time residual at the kth station, rk , as the difference
between the observed and the theoretical arrival times, or
rk(X ) ktk(X i-T*(X)t k =1,2,---, m (3.27)
Our objective is to adjust the trial vector Z such that the residuals are minimized in some
sense. Generally, the least squares approach is used in which we minimize the sum of the
squares of the residuals.
3.2.2 Derivation of Geiger's Method
Geiger (1912) appears to be the first to apply the Gauss-Newton method in solving the
earthquake location problem. Although Geiger presented a method for determining the
origin time and epicenter, it can be easily extended to include focal depth. Using the
mathematical tools developed above, Geiger's method may be derived as follows. The
objective function or the least squares minimization as applied to the earthquake location
problem is
F(X*= rh(*)]2 (3.28)
k=1
is given by Eq. (3.27), and m is the total number of
observations. We may consider the residuals r, (z*), k = 1,2, --
a vector in an m--dimensional Euclidean space and write
r = (r,(z*), r2 (x*),
m, as components of
(3.29)
The adjustment vector [Eq. (3.4)] now becomes
6 (aZ OC, Y9 & (3.30)
In the Gauss-Newton method, a set of linear equations is solved for the adjustment vector
at each iteration step. In our case, the set of linear equations [Eq.(3.22)] may be written as
A T A(6)= -A Tr (3.31)
where the Jacobian matrix A as defined by Eq. (3.19) is now
'Or, a t
ar2 at
a,/ at
ar, / ax ar, / By ar, / az'
ar2 / ax ar2 / ay ar2 /az
arm /ax a,, /y ar/ az,
(3.32)
and the partial derivatives are evaluated at the trial vector %
residuals defined by Eq. (3.27), the Jacobian matrix A becomes
'l-1
1
aT/ax aT/ay aT/ az
aT2 /ax aT2 /ay T2 / az
8T,, a x aT,, / y aT,, / z .x
Using arrival time
(3.33)
The minus sign on the right-hand side of Eq. (3.33) arises from the traditional definition
of arrival time residuals given by Eq. (3.27). Substituting Eq. (3.33) into Eq. (3.31), and
where the residual rk(y*)
carrying out the matrix operations, we have a set of four simultaneous linear equations in
four unknowns
(3.34)
where
m
G =
1b,
Ic,
a,
~a
X afcSaib,
Saic,
Sc,
Y aic,
ac1
(3.35)
I b,
Y, a,
I bic,
P = ( rk ,
and the summation Z is for
a:rakk bkrk , ckrk) (3.36)
k = 1,2, -- , m. In Eqs. (3.35) and (3.36), we have
introduced
akaTk/. aX bk=aTk/ *, Ck=aT/aZ *
in order to simplify writing the elements of G and p.
Eq. (3.37) is usually referred to as the system of normal equations for the
earthquake location problem. Given a set of arrival times and the ability to compute travel
times and derivatives from a trial vector Z , we may solve Eq. (3.34) for the adjustment
vector O. We then replace Z*by Z'+6, and repeat the same procedure until some
cutoff criteria are satisfied to stop the iteration. In other words, the nonlinear earthquake
location problem is solved by an iterative procedure involving only solutions of a set of
four linear equations.
(3.37)
Instead of solving an even-determined system of four linear equations as given by
Eq. (3.34), we may derive an equivalent overdetermined system of m linear equations
from (3.31) as
A(Sz)= -r (3.38)
where the Jacobian matrix A is given by Eq. (3.33). Equation (3.38) is a set of m
equations written in matrix form, and by Eqs. (3.29), (3.30), and (3.33), it may be
rewritten as
9t +(OT l ax) + T(a l y) .y +(aT, / az) . z
=rk(X) for k =1,2,---,m (3.39)
By using generalized inversion as discussed in the first section, the system of m equations
as given by Eq. (3.39) may be solved directly for the adjustments St, 4x, gy, andz.
3.2.3 Implementation of Geiger's Method
In deriving Geiger's method, we have not specified any particular seismic arrival times.
Normally, the method is applied only to first P-arrival times because first P-arrivals are
easier to identify on seismograms and the P-velocity structure of the earth is better
known. However, if arrival times of later phases (such as S, Pn, etc.) are available, we can
set up additional equations [in the form of Eq. (3.39)] that are appropriate for the
particular observed arrivals. Furthermore, if absolute timing is not available, we can still
use S-P interval times to locate earthquakes. In this case, we modify Eq. (3.39) to read
(aT / ax) .4x+(a, / y zd + (aT / 8 x*&
= rk(%) for k = 1,2,---,m (3.40)
where rk is the residual for the S-P interval time at the kth station, T is the theoretical S-
P interval time, and the &t term in Eq. (3.39) drops out because S-P interval times do not
depend on the origin time.
We must be cautious in using arrival times of later phases for locating local
earthquakes because later phases may be misidentified on the seismograms and their
corresponding theoretical arrival times may be difficult to model. If the station coverage
for an earthquake is adequate azimuthally (i.e., the maximum azimuthal gap between
stations is less than 90 degrees), and if one or more stations are located with epicentral
distances less than the focal depth, then later arrivals are not needed in the earthquake
location procedure. On the other hand, if the station distribution is poor, then later arrivals
will improve the earthquake location, as we will discuss later.
Before we examine the pitfalls of applying Geiger's method to the earthquake
location problem, let us first summarize its computational procedure. Given a set of
observed arrival times (xk, Yk, Zk), k 1,2,... m, we wish to determine the
origin time to and the hypocenter (xo, yo, z0 ) of an earthquake. Geiger's method
involves the following computational steps:
(1) Guess a trial origin time t, and a trial hypocenter (X*, y, z).
(2) Compute the theoretical travel time T and its spatial derivatives, aT, / ax,
aT /ay, and aT /az evaluated at (x*, y', z*), from the trial
hypocenter to the kth station for k = 1,2, , m .
(3) Compute matrix G as given by Eqs (3.35) and (3.37), and vector p as given by
Eqs. (3.36), (3.37), and (3.27).
(4) Solve the system of four linear equations as given by Eq. (3.34) for the
adjustments 8t, 8x, 6y, and Sz.
(5) An improved origin time is then given by t* + St, and an improved
hypocenter by (x* + dx, y * + y, z* + 8z). We use these as our new
trial origin time and hypocenter.
(6) Repeat steps 2 to 5 until some cutoff criteria are met. At that point, we set
to = t x0 = X , yo = yand zo = z as our solution for the origin time
and hypocenter of the earthquake.
3.2.4 Discussion
3.2.4.1 Velocity Model
It is obvious from step 2 that a model of seismic velocity structure underneath the local
network must be specified in order to compute theoretical travel times and derivatives.
Therefore, earthquakes are located with respect to the assumed velocity model and not to
the real earth. Routine earthquake locations for local networks are based mainly on a
horizontally layered velocity model, and the problem of lateral velocity variations usually
is ignored. Such a practice is often due to our poor knowledge of the velocity structure
underneath the local network and the difficulties in tracing seismic rays in a
heterogeneous medium. As a result, it is not easy to obtain accurate earthquake locations.
3.2.4.2 Ill-Conditioned Matrix and Condition Number
Although step 3 is straightforward, we must be careful in forming the normal equations to
avoid roundoff errors. The matrix G is often ill-conditioned if the station distribution is
poor. Having data from four or more stations is not always sufficient to locate an
earthquake. These stations should be distributed such that the earthquake hypocenter is
surrounded by stations. Since most seismic stations are located near the earth's surface,
and whereas earthquakes occur at some depth, it is difficult to determine the focal depth
in general. Similarly, if an earthquake occurs outside a local network, it is also difficult to
determine the epicenter. To illustrate these difficulties, let us consider a simple case with
only four observations. In this case, we do not need to form the normal equations, and our
problem is to solve Eq. (3.38) for m = 4. The Jacobian matrix A becomes
1 BT8 /8x 87 /8y BT /8z
1 8T/ 8x 8T277/8 7 /B
A=- 2 2 y 8T2  (3.41)
1 T/8x T / y Tf / 8z
1 OT / 8x 8T4 / y 8T4 I 8z)
Let us recall that the determinant of a matrix is zero if any column of it is a multiple of
another column. Since the first column of A is all l's, it is easy for the other columns of A
to be a multiple of it. For example, if P-arrivals from the same refractor are observed in a
layered velocity model, then all elements in the aT/8z column have the same value, and
the fourth column of A is thus a multiple of the first column. Similarly, if an earthquake
occurs outside the network, it is likely that the elements of the T/&x column and the
corresponding elements of the &T/y column will be nearly proportional to each other.
For the m x 4 Jacobian matrix A given by (3.33), the rank of a matrix is defined
as the maximum number of independent columns. If a matrix has a column that is nearly
a multiple of another column, then we have a rank-detective matrix with a very small
singular value. Consequently, the condition number of the matrix is very large, so that the
linear system given by Eq. (3.38) is difficult to solve. This is usually referred to as an ill-
conditioned case. Hence the properties of the Jacobian matrix A determine whether or not
step 4 can be carried out numerically.
The elements of the Jacobian matrix A are the spatial partial derivatives of the
travel times from the trial hypocenter to the stations, as given by Eq. (3.33). These
derivatives depend on the velocity model and the direction angles of the seismic rays at
the trial hypocenter. Because the direction angles of the seismic rays depend on the
geometry of the trial hypocenter with respect to the stations, station distribution relative
to the earthquakes plays a critical role in whether or not the earthquakes can be located by
a local earthquake network.
Since our model and data have uncertainties, we have to consider the condition
number of the matrix A. In practice, we are not solving Ax = b, but Ax = b + Ab,
assuming A to be exact at this moment. It can be shown that the error Ax in x resulting
from the error Ab in b is given by
Ax|I/jjxll y(lAb/b] (3.42)
where y is the condition number of A, and - denotes the vector norm. We can define the
condition number of A by
7 = 7max /Omin (3.43)
where 0max is the largest singular value of A and amm is the smallest singular value of
A. We see from Eq. (3.42) that the condition number y is an upper bound in magnifying
the relative error in our observations. In microearthquake studies, the relative error in
observations is about 10 3. Therefore, if y is 103, then the error in our solution may be
comparable to the solution itself.
3.2.4.3 Station Distribution
If the station distribution is poor, introducing arrival times of later phases in the
earthquake location procedure is desirable. Because they have different values for travel
time derivatives than those for the first P-arrivals, the chance that the Jacobian matrix A
will have nearly dependent columns may be reduced. In other words, later arrivals will
reduce the condition number of matrix A, so that Eq. (3.38) may be solved numerically.
3.2.4.4 Adjustment Vector
Lee and Lahr (1975) recognized that there may be difficulties in solving for the
adjustment vector Sy in Eq. (3.34). They introduced a stepwise multiple regression
technique in the earthquake location procedure. Basically, if the Jacobian matrix A is ill-
conditioned, we reduce the components of S6 * to be solved. In other words, a hypocenter
parameter will not be adjusted if there is not sufficient information in the observed data to
determine its adjustment. Another approach is to apply generalized inversion techniques
as discussed in 3.1. Examples of using this approach are the location programs written by
Bolt (1970), Klein (1978), Johnson (1979), and Lee et al. (1981).
3.2.4.5 Global Minimum
Geiger's method is an iterative procedure. Naturally, we ask if the iteration converges to
the global minimum of our objective function as given by Eq. (3.28). This depends on the
station distribution with respect to the earthquake, the initial guess of the trial origin time
and hypocenter, the observed travel times, and the velocity model used to compute travel
times and derivatives. At present, there is no model available to guarantee reaching a
global minimum by an iterative procedure. Iterations usually are terminated if the
adjustments or the root-mean-square value of the residuals fall below some prescribed
value, or if the allowed maximum number of iterations is exceeded.
3.2.4.6 Data Errors, Location Quality and Correctness of Program
Code
There are errors and sometimes blunders in reading arrival times and station coordinates.
The least squares method is appropriate if the errors are independent and random.
Otherwise, it will give disproportional spread among the stations. Consequently, low
residuals do not necessarily imply that the earthquake location is good. It must be
emphasized that the quality of an earthquake location depends on the quality of the input
data. No mathematical manipulation can substitute for careful preparation of the input
data. It is quite easy to write an earthquake location program for a digital computer using
Geiger's method. However, it is difficult to validate the correctness of the program code.
Furthermore, it is not easy to write an earthquake location program that will handle errors
in the input data properly and let the users know if they are in trouble. The mechanics of
locating earthquakes have been discussed, for example, by Buland (1976), and problems
of implementing a general-purpose earthquake location program for local earthquake
networks are discussed, for example, by Lee et al. (1981).
3.2.4.7 Joint Hypocenter Determination
In this chapter, we have not treated the method for joint hypocenter determination and
related techniques. These techniques are generalizations of Geiger's method to include
station corrections for travel time as additional parameters to be determined from a group
of earthquakes. Some joint inversion techniques will be discussed later in Chapter 6.
Also, we have not dealt with the problem of using more complicated velocity models for
earthquake location microearthquake location. In principle, seismic ray tracing in a
heterogeneous medium can be applied in a straightforward manner. Many techniques
developed for three-dimensional ray tracing will be discussed in future work.
Chapter 4
Location of Synthetic Events
Before locating the earthquake events from Sichuan, we apply the 1 -D six-layer velocity
model to locate a few synthetic events. We chose five epicenters in the Sichuan area:
EAST (30, 106), SOUTH (27, 103), WEST (30, 100), NORTH (33, 103) and CENTER
(30, 103). Figure 4 shows these five epicenters. We will run HYPOINVERSE and
calculate the arrival times at all the stations in Sichuan from each epicenter at a certain
depth and a given origin time. We will then use the calculated arrival times as the
observed travel times, and run HYPOINVERSE again to locate the synthetic events.
4.1 Floating Depth Inversion
The floating depth inversion begins with a starting trial depth; the final depth of the
location is reported after the inversion is finished and the best hypocenter is found. The
inversion converges when the final root-mean-square (RMS) travel time residual reaches
its minimum. In this chapter, starting trial depths are chosen from 0 km to 60 km. At each
starting depth, the optimal depth of an event is obtained when the minimum RMS is
reached. Final optimal depth is chosen to be the one with a global minimum RMS.
4.1.1 Inversion with No Noise Added
At each epicenter, synthetic events are chosen to occur at depths of 5 km, 15 km, 25 km
and 35 km with the date of 2000/01/01 (Year/Month/Date) and the origin time of
01/10/00 (Hour/Minute/Second). Running HYPOINVERSE at each fixed depth case
produces calculated travel times. With no noise added, the calculated travel times are
used directly as the observed travel times to locate the synthetic events. In this case, we
float the depths and let HYPOINVERSE search the best hypocenters of the synthetic
events. HYPOINVERSE requires an input of the initial searching depth to begin the
inversion. To make comparisons, we chose the initial searching depth of 0 km, 10 km,
and 50 km.
Table 4-1, 4-2, and 4-3 show the inversion results of initial depths of 0 km, 10 km
and 50 km, respectively. In Table 4-1, when the true depths are 5 km and 10 km, the
hypocenters located by HYPOINVERSE are very close to the true hypocenters. The
mislocation of epicenters is less than 0.02 km and the mislocation of depth is less than
0.05 km. The mislocation of origin time is zero. When the true depths are 25 km and 35
km, the mislocation of epicenters is more than 2 km for the EAST and NORTH locations.
The mislocation of epicenters for other locations remains smaller than 1 km. However the
mislocation of depth is more than 3 km for all five locations except SOUTH. The
mislocation of origin time is smaller than 0.5 s for all five locations except NORTH.
In Table 4-2, for all five locations at any true depth of 5 km, 15 km, 25 km or 35
km, the mislocation of epicenters is less than 0.4 km, and the mislocation of origin time
is less than 0.06 s. The mislocation of depth is less than 0.03 km for the depths of 5 km,
15 km and 25 km. The mislocation of depth is less than 3 km for a depth of 35 km. This
means the locations given by HYPOINVERSE are very accurate with an initial searching
depth of 10 km if the true depth is 35 km or shallower.
In Table 4-3, the mislocation of epicenters, depths and origin times is very large
for depths of 5 km, 15 km and 25 km. The mislocation of hypocenters is small for a depth
of 35 km except NORTH.
From the above results, we conclude that 10 km or 15 km is the best starting depth
for HYPOINVERSE to locate events shallower than 35 km. For deeper events, larger
starting depths can help with better location.
4.1.2 Inversion with Noise Added
In this case, we only investigate the synthetic locations at the depth of 15 km. After the
travel time at each station is calculated, we add normally distributed noise. We want to
test how good the locations will be with noisy observed travel times.
The normally distributed noise is zero mean with the standard deviation (STD) of
1 s or 3 s. We choose the starting inversion depth to be 0 km and 10 km. Table 4-4 shows
the inversion results. For either 0 km or 10 km, first row shows the inversion results of
STD = 1 s. The second row shows the inversion results of STD = 3 s. With the noise of
STD 1 s, the mislocation of epicenters is less than 3 km and the mislocation of depth is
also less than 3 km for all five locations except NORTH. The mislocation of origin time
is less than 0.5 s. With the noise of STD = 3 s, the mislocation of epicenters is larger than
3 km and the mislocation of depths is generally larger than 3 km. The mislocation of
origin times is smaller than 1 s except WEST.
Table 4-4 also shows that the starting depth of 10 km produces slightly better
locations than a starting depth of 0 km.
4.2 Fixed Depth Inversion
The fixed depth inversion starts with a fixed depth. Only epicenter and origin time are
unknowns when the inversion is running. The floating depth inversion reports the best
hypocenter when the RMS reaches its minimum. However, in many cases when there are
many local minima existing, it is very likely that only one of the local minima is found
and reported. Therefore, we decided to run HYPOINVERSE for the fixed depth
inversion. We intend to find the best hypocenter at the global minimum.
4.2.1 True Depth of 15 km
When the true depth is 15 km, with and without noise added, we run HYPOINVERSE
inversion at the fixed depths of 5 km, 10 km, 11 km, 12 kin, 23 kin, 14 km, 15 km, 20
km, 25 km, 30 kin, 35 km and 40 km. Figure 4-1 shows the results of RMS, ERH and
ERZ when no noise is added to the observed travel times. ERH and ERZ are the
horizontal error and vertical error, respectively. ERH is the length of the longest of the
principal axes when the error ellipsoid is projected onto a horizontal plane. ERZ is the
largest value of the principal axes when the error ellipsoid is projected onto a vertical line
through the hypocenter. An error ellipsoid whose major axes are 2.4 times the standard
errors calculated by HYPOINVERSE has a 95% chance of containing the 'true'
hypocenter. The earthquake has a statistical probability of 32% of lying inside an
ellipsoid of error.
Clearly, Figure 4-1 shows zero RMS at the depth of 15 km for all the five
locations. The minimum ERH and ERZ are also zero at the depth of 15 km for all five
locations.
Figure 4-2 shows the results of RMS, ERH and ERZ when the noise added to the
observed travel times is zero mean and the standard deviation is 0.5 s. We can see that the
minimum RMS is close to 0.5 s at the depth of 15 km for all five locations. The minimum
ERH and the minimum ERZ are at a depth of 15 km for most events. Some events have
minimum ERH or ERZ at a depth of 20 km.
Figure 4-3 shows the results of RMS, ERH and ERZ when the noise added to the
observed travel times is zero mean and the standard deviation is 1 s. We can see that the
minimum RMS is close to 1 s at a depth of 15 km for EAST, SOUTH and CENTER.
NORTH and WEST have their minimum RMS at a depth of 10 km. The minimum ERH
and the minimum ERZ are at a depth of 10 km for most events. Some events have
minimum ERH or ERZ at depths of 15 km or 5 km.
4.2.2 True Depth of 35 km
When the true depth is 35 km, with or without noise added, we run HYPOINVERSE
inversion at the fixed depths of 5 km, 10 km, 15 km, 20 km, 25 km, 30 km, 35 km, 40
km, 45 km, 50 km, 55 km and 60 km. Figure 4-4 shows the results of RMS, ERH and
ERZ when no noise is added to the observed travel times. We can see the zero RMS at
the depth of 15 km for all the five locations. The minimum ERH and ERZ are also zero at
a depth of 15 km for all five locations.
Figure 4-5 shows the results of RMS, ERH and ERZ when the noise added to the
observed travel times is zero mean and the standard deviation is 0.5 s. We can see that the
minimum RMS is close to 0.5 s at the depth of 35 km for all five locations. The minimum
ERH and the minimum ERZ are at the depth of 35 km for most events. Some events have
minimum ERH or ERZ at the depth of 25 km or 40 km.
Figure 4-6 shows the results of RMS, ERH and ERZ when the noise added to the
observed travel times is zero mean and the standard deviation is 1 s. We can see that the
minimum RMS is close to 1 s at a depth of 35 km for EAST, SOUTH and CENTER.
WEST has its minimum RMS at a depth of 30 km and NORTH has its minimum at a
depth of 20 km. The minimum ERH and the minimum ERZ are at a depth of 20 km for
most events. Some events have minimum ERH or ERZ at depths of 10, 5 or 55 km.
4.3 Conclusions
When no noise is added to the observed travel times, based on floating depth inversion,
HYPOINVERSE can accurately locate the events with depths of 35 km or shallower if
the starting searching depth is 10 km or 15 km. Deeper events can also be located
accurately with a larger starting depth. By fixed depth inversion, HYPOINVERSE can
locate the events exactly with any depth by finding the minimum RMS.
With noise added, if the noise is zero mean and the standard deviation less than 1
s, HYPOINVERSE can locate the events very accurately for most events. The depth is
more difficult to determine if the noise has a standard deviation of 1 s or larger.
In this chapter, all the events tested are synthetic events with the observed travel
times being the calculated travel times with or without added noise. Now we will test the
earthquake events and explosion events using HYPOINVERSE.
TABLE 4-1
Initial Searching depth: 0km
Date: 2000/01/01 (Y/M/D)
Origin Time: 01/10/00 (H/M/S)
TRUE LOCATION
EAST (30, 106)
Depth
(km)
5
15
25
35
WEST (30, 100)
Depth
(km)
5
15
25
35
SOUTH (27, 103)
Depth
(km)
5
15
25
35
NORTH (33, 103)
Depth
(km)
5
15
25
35
CENTER (30, 103)
Depth
(km)
INVERSION RESULTS
Orig.
(H/M/S)
01/10/00
01/10/00
01/09/59.86
01/09/59.10
Orig.
(H/M/S)
01/10/00
01/10/00
01/09/59.74
01/09/59.41
Orig.
(H/M/S)
01/10/00
01/10/00
01/10/00
01/09/59.93
Orig.
(H/M/S)
01/10/00
01/10/00
01/09/55.57
01/09/54.29
Orig.
(H/M/S)
01/10/00
01/10/00
01/09/59.94
01/09/59.73
Lat.
(deg/min)
30
30/0.01
30/0.22
30/0.93
Lat.
(deg/min)
30
30/0.01
29/59.74
29/58.73
Lat.
(deg/min)
26/59.99
27
27
27/0.18
Lat.
(deg/min)
33
33
33/07.45
33/09.55
Lat.
(deg/min)
30
30
30/0.17
29/59.96
Lon.
(deg/min)
106
106/0.01
105/58.69
105/56.82
Lon.
(deg/min)
99/59.99
100
99/59.87
99/59.55
Lon.
(deg/min)
103
103
103
103/0.63
Lon.
(deg/min)
102/59.99
103
102/56.54
102/55.64
Lon.
(deg/min)
103
103
103/0.06
103/0.29
Depth
(km)
5.03
15.04
20.89
12.25
Depth
(km)
5.00
14.99
21.22
22.21
Depth
(km)
5.00
14.99
24.99
29.66
Depth
(km)
5.00
14.99
0.00
0.00
Depth
(km)
4.99
14.99
24.16
25.36
RMS
(s)
0
0
0.11
0.68
RMS
(s)
0
0
0.29
0.88
RMS
(s)
0
0
0
0.20
RMS
(s)
0
0
0.48
0.64
RMS
(s)
0
0
0.07
0.39
TABLE 4-2
Initial Searching depth: 10km
Date: 2000/01/01 (Y/M/D)
Origin Time: 01/10/00 (H/M/S)
TRUE LOCATION
EAST (30, 106)
Depth
(km)
5
15
25
35
WEST (30, 100)
Depth
(km)
5
15
25
35
SOUTH (27, 103)
Depth
(km)
5
15
25
35
NORTH (33, 103)
Depth
(km)
5
15
25
35
CENTER (30, 103)
Depth
(km)
5
15
25
35
INVERSION RESULTS
Orig.
(H/M/S)
01/10/00
01/10/00
01/10/00
01/09/59.94
Orig.
(H/M/S)
01/10/00
01/10/00
01/10/00
01/09/59.92
Orig.
(H/M/S)
01/10/00
01/10/00
01/10/00
01/10/00
Orig.
(H/M/S)
01/10/00
01/10/00
01/10/00
01/10/0.02
Orig.
(H/M/S)
01/10/00
01/10/00
01/10/00
01/09/59.95
Lat.
(deg/min)
30
30/0.01
30
30/0.28
Lat.
(deg/min)
30
30/0.01
30
30/0.03
Lat.
(deg/min)
27
27/0.01
27
27/0.01
Lat.
(deg/min)
33/0.01
33
33
32/59.86
Lat.
(deg/min)
30
30
30
29/59.96
Lon.
(deg/min)
106
106/0.01
106/0.01
105/59.56
Lon.
(deg/min)
100
100
100/0.02
100/0.33
Lon.
(deg/min)
103
102/59.97
102/59.99
102/59.99
Lon.
(deg/min)
103
103
103
103/0.08
Lon.
(deg/min)
103
103
103
103/0.05
Depth
(km)
5.03
15.05
25.01
31.19
Depth
(km)
4.99
14.99
24.99
31.68
Depth
(km)
5
15.01
24.99
35.05
Depth
(km)
5.02
14.99
24.99
34.94
Depth
(km)
4.99
14.99
24.99
32.20
RMS
(s)
0
0
0
0.12
RMS
(s)
0
0
0
0.21
RMS
(s)
0
0
0
0
RMS
(s)
0
0
0
0.02
RMS
(s)
0
0
0
0.14
TABLE 4-3
Initial Searching depth: 50km
Date: 2000/01/01 (Y/M/D)
Origin Time: 01/10/00 (H/M/S)
TRUE LOCATION
EAST (30, 106)
Depth
(km)
5
15
25
35
WEST (30, 100)
Depth
(km)
5
15
25
35
SOUTH (27, 103)
Depth
(km)
5
15
25
35
NORTH (33, 103)
Depth
(km)
5
15
25
35
CENTER (30, 103)
Depth
(km)
5
15
25
35
INVERSION RESULTS
Orig.
(H/M/S)
01/10/0.67
01/10/0.42
01/10/0.11
01/10/00
Orig.
(H/M/S)
01/10/1.45
01/10/0.88
01/10/0.21
01/10/00
Orig.
(H/M/S)
01/10/0.40
01/10/0.17
01/10/00
01/10/00
Orig.
(H/M/S)
01/10/1.38
01/10/0.85
01/10/0.24
01/09/59.97
Orig.
(H/M/S)
01/10/0.79
01/10/2.09
01/10/1.17
01/10/00
Lat.
(deg/min)
29/58.44
29/59.48
30/0.05
30/0.01
Lat.
(deg/min)
30/0.41
29/59.49
30/0.39
29/59.99
Lat.
(deg/min)
27/0.17
26/59.88
27/0.01
27/0.18
Lat.
(deg/min)
32/59.56
32/59.98
32/59.90
33/2.42
Lat.
(deg/min)
30/0.28
30/0.18
30/0.23
30
Lon.
(deg/min)
106/3.78
106/2.10
105/59.98
105/59.99
Lon.
(deg/min)
99/59.93
100/0.03
100/0.11
100
Lon.
(deg/min)
102/59.65
102/59.69
103/0.02
103
Lon.
(deg/min)
102/59.59
102/59.69
102/59.62
103/0.52
Lon.
(deg/min)
102/59.26
103/1.10
103/0.58
103
Depth
(km)
23.55
24.38
26.38
34.99
Depth
(km)
29.51
28.36
29.60
34.98
Depth
(km)
19.21
20.12
25.01
34.99
Depth
(km)
30.15
31.32
31.56
49.33
Depth
(km)
22.81
46.11
46.51
35
RMS
(s)
0.58
0.27
0.06
0.00
RMS
(s)
1.61
0.97
0.32
0
RMS
(s)
0.71
0.31
0
0
RMS
(s)
1.11
0.68
0.48
0.53
RMS
(s)
0.95
0.99
0.69
0
TABLE 4-4
Date: 2000/01/01 (Y/M/D)
Origin Time: 01/10/00 (H/M/S)
True Depth: 15km
TRUE LOCATION
EAST (30, 106)
Initial Depth
(km)
0
0
10
10
WEST (30, 100)
Initial Depth
(km)
0
0
10
10
SOUTH (27, 103)
Initial Depth
(km)
0
0
10
10
NORTH (33, 103)
Initial Depth
(km)
0
0
10
10
CENTER (30, 103)
Initial Depth
(km)
0
0
10
10
INVERSION RESULTS
Orig.
(H/M/S)
01/09/59.58
01/09/58.69
01/09/59.74
01/09/59.14
Orig.
(H/M/S)
01/09/59.51
01/09/59.20
01/09/59.66
01/09/58.87
Orig.
(H/M/S)
01/10/0.10
01/10/0.01
01/10/0.14
01/10/0.24
Orig.
(H/M/S)
01/09/59.68
01/09/58.93
01/09/59.66
01/09/59.25
Orig.
(H/M/S)
01/09/59.93
01/09/59.65
01/09/59.95
01/09/59.59
Lat.
(deg/min)
29/59
29/56.11
29/58.12
29/54.49
Lat.
(deg/min)
30/01.15
30/3.35
30/1.40
30/5.29
Lat.
(deg/min)
26/59.66
26/58.67
26/59.60
26/59.07
Lat.
(deg/min)
32/59.01
33/0.01
32/59.41
33/0.21
Lat.
(deg/min)
30/0.99
30/2.48
30/0.93
30/1.97
Lon.
(deg/min)
106/02.91
106/10.43
106/02.92
106/8.95
Lon.
(deg/min)
100/01.24
100/0.89
100/0.44
99/59.78
Lon.
(deg/min)
102/59.34
102/59.72
102/59.20
102/59.07
Lon.
(deg/min)
102/58.54
102/56.04
102/58.57
102/55.33
Lon.
(deg/min)
103/0.11
102/58.59
103/0.04
102/58.74
Depth
(km)
12.87
12.66
14.83
14.66
Depth
(km)
4.53
2.68
9.16
1.46
Depth
(km)
14.06
8.39
15.33
13.44
Depth
(km)
7.18
0
7.92
5.50
Depth
(km)
13.42
15.32
13.78
12.71
RMS
(s)
0.73
2.12
0.74
2.18
RMS
(s)
0.74
2.30
0.73
2.27
RMS
(s)
0.88
2.65
0.89
2.67
RMS
(s)
0.76
2.31
0.74
2.30
RMS
(s)
0.84
2.80
0.84
2.80
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Figure 4: Five hypocenters for the synthetic locations.
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Figure 4-1: Fixed depth inversion with no noise added. The true depth is 15 km for five
synthetic events. The minimum RMS, the minimum ERH and the minimum ERZ are zero
at the depth of 15 km for all five events.
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Figure 4-2: Fixed depth inversion with noise added. The true depth is 15 km for five
synthetic events. The added noise is normally distributed with zero mean and the standard
deviation is 0.5 s. The minimum RMS is close to 0.5 s at a depth of 15 km for all five
events. The minimum ERH and the minimum ERZ are at a depth of 15 km for most
events.
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Figure 4-3: Fixed depth inversion with noise added. The true depth is 15 km for five
synthetic events. The added noise is normally distributed with zero mean and the standard
deviation is 1 s. The minimum RMS is close to 1 s at a depth of 15 km for all five events.
The minimum ERH and the minimum ERZ are at a depth of 15 km for most events.
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Figure 4-4: Fixed depth inversion with no noise added. The true depth is 35 km for five
synthetic events. The minimum RMS, the minimum ERH and the minimum ERZ are zero
at a depth of 35 km for all five events.
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Figure 4-5: Fixed depth inversion with noise added. The true depth is 35 km for five
synthetic events. The added noise is normally distributed with zero mean and the standard
deviation is 0.5 s. The minimum RMS is close to 0.5 s at a depth of 35 km for all five
events. The minimum ERH and the minimum ERZ are at a depth of 35 km for most
events.
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Figure 4-6: Fixed depth inversion with noise added. The true depth is 35 km for five
synthetic events. The added noise is normally distributed with zero mean and the standard
deviation is 1 s. The minimum RMS is close to 1 s at a depth of 35 km for most events.
The minimum ERH and the minimum ERZ are not at a depth of 35 km for most events.
Chapter
Location Accuracy and Location
Improvement
Before evaluating the location accuracy of the 48 seismic events provided by SBSP, let's
take a look at the location difference of two events recorded in different reporting
agencies.
Two events provided by SBSP were also recorded in USGS/NEIC, PIDC and
IRIS. The comparison of the locations of these two events by different reporting agencies
is listed as follows.
HrMnSec Lat Long Dp Mag. Reporting Agency Dist. (km)
11301999 082453.08 31.35 104.26 33.On 5.OML USGS/NEIC/IRIS
082453.0
082452.5
11.1
31.35 104.31 19.3 4.4mb PIDC
31.43 104.33 1.0 5.OMS SBSP
082452.68 31.48 104.28 25.4 MIT-ERL
10011999 023012.13 28.64 103.86 33.On 3.4mb USGS/NEIC/IRIS
023008.9 28.57 103.84
023009.1 28.57 104.00
023010.44 28.64 103.98 14.3
4.1mb PIDC
3.9ML SBSP
MIT-ERL
7.3
15.7
15.6
8.0
MoDyYr
The location (epicentral) difference of either event by different agencies is within 10km
by 10km. It's hard to tell which agency reports the most accurate location of either event
unless some ground truth events are studied.
5.1 Location Accuracy
5.1.1 Locating the Ground Truth Events
We are lucky enough to have three ground truth events provided by SBSP. Figure 5-1
shows the epicenter plot of the three ground truth events (quarry blasts) provided by
SBSP. Events #1, #2 and #3 occurred on June 23 rd, 1980, May 21st, 1971 and February
18 th, 1983, respectively. After applying the HYPOINVERSE to locate the ground truth
location by the one-dimensional, six-layer velocity model, the results are listed as
follows.
Event True Location Estimated Location Distance
(Lat., Long.) (Lat., Long.) (km)
Event #1 (29.47, 103.52) (29.49, 103.54) 3.3
Event #2 (26.63, 101.75) (26.60, 101.74) 3.3
Event #3 (26.63, 102.87) (26.64, 102.83) 3.4
where 'Distance' means the distance between the true location of each event and each
estimated event location.
From the results above, we can see that the estimated epicenters by
HYPOINVERSE using a 1 -D six-layer velocity model is very close to the true epicenters.
As we know, the 1-D velocity model is too simple to describe the complicated structure
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in the Sichuan area. Each ground truth event is recorded by more than 50 surrounding
local and regional stations. The good azimuthal coverage of recording local stations helps
locate these ground truth events very well. We can now begin to correct the 1 -D velocity
model to achieve locations closer to the true locations with even smaller travel time
residuals.
5.1.2 Residual Study of Ground Truth Events
Figures 5-2 and 5-3 show the travel time curve calculated by the 1-D six layer velocity
model, travel time curve recorded by the stations, and the travel time residuals both in the
fixed hypocenter case and in the fixed depth case. When the depths are fixed to be at the
surface of the Earth, larger travel time residuals are observed when the source and
receivers are 500 km away or farther. The averaging residuals become positive (1.5
seconds) at a distance 400km or farther for Event #1 located in the Sichuan Basin. The
averaging residuals are negative (-0.7 seconds) at a distance 500km or farther for event #3
located in southern Sichuan. Event #2 gives small (0.04 seconds) residuals at larger
distances.
Figures 5-4a, 5-5a and 5-6a show the plot of residuals at stations where ground
truth events #1, #2 and #3 are recorded, respectively. From these figures, we can see the
large travel time residuals vary from -4 seconds to 4 seconds. Travel time residuals are
greatly reduced in Figures 5-4b, 5-5b and 5-6b when the travel times are demeaned. The
mean of the travel time for each event was calculated by the summation of the weighted
residuals for each event. The weights are assigned by HYPOINVERSE according to the
distance between the source location and receiver locations and according to the travel
time residual at each station. Stations with big residuals were assigned smaller weights.
5.2 Earthquake Location Improvement
5.2.1 Contour of Travel Time Residuals
Figure 5-7 shows the standard deviation of travel time residuals at each station recording
the 48 seismic events provided by SBSP. The azimuth coverage and the standard
deviation of the travel times at each station are also plotted in Figure 5-8. We can see that
when the azimuth coverage of each station is large, the standard deviation of travel time
at that station is relatively small.
The contours of travel time residuals at each station are plotted in Figure 5-9a.
The travel time residuals are calculated as follows:
AT=Tbs -Tcal
Here AT is the travel time residual, Toss is the observed travel time at each station, and
Teal is the calculated travel time from the one-dimensional velocity model. Therefore, the
positive (blue) travel time residuals in the Tibetan Plateau indicate that the 1-D velocity
model is faster than the crustal velocity in the plateau area. The negative (red) travel time
residuals indicate that the 1-D velocity model is slower than the crustal velocity in the
Sichuan Basin. The investigation of the outliers in locating the 48 earthquakes shows it is
only a few outliers that cause the larger travel time residuals in both the Tibetan Plateau
and the Sichuan Basin. After removing those outliers, the travel time residuals are greatly
reduced. They are plotted in Figure 5-9b.
Relocating the ground truth events and studying the associated residuals of the
ground truth events helped test the velocity model. Now we use the ground truth events to
improve the location accuracy of the earthquakes. Station corrections from the ground
truth events can help improve the location of earthquakes.
5.2.2 Station Corrections
Before applying station corrections using ground truth events, we can apply station
corrections of earthquakes to locate the ground truth events first.
5.2.2.1 Relocating the 48 Events by VELEST
Similar to HYPOINVERSE, VELEST is an event locating software package using 1-D
velocity model. It can adjust the 1-D velocity model by minimizing the travel time
residuals for all the events and provide the best hypocenter at the same time. VELEST
also provides station corrections at each iteration. Figure 5-10 shows the plot of station
corrections (the travel time residuals at each station) after locating the 48 events by
VELEST. The residuals in Figure 5-10 are much smaller than those in Figure 5-7.
5.2.2.2 Station Corrections by Earthquakes
Locating 48 events simultaneously by VELEST generates a station correction table for
each station in the Sichuan area (see Figure 5-10). Applying the station corrections to the
explosions data using HYPOINVERSE gives improved locations. The locations by
HYPOINVERSE before and after the station corrections are applied are as follows.
Event #1:
Orig. Lat. Long. Depth Distance (km)
120019.3 2928 10331 On ----
19.86 2929.47 10331.89 On 3.3 (before)
19.96 2929.34 10330.90 0 2.5 (after)
Event #2:
Orig. Lat. Long. Depth Distance (km)
105832.5 2638 10145 On ----
31.92 2636.27 10144.65 On 3.3 (before)
31.92 2636.18 10144.65 0 3.4 (after)
Event #3:
Orig. Lat. Long. Depth Distance (km)
112037.5 2638 10252 On ---
37.75 2638.12 10249.98 On 3.4 (before)
37.75 2638.15 10250.08 0 3.0 (after)
With the limited (48) available earthquakes for station correction, we can see that
the locations have been generally improved after the station corrections are applied. The
event #1 is located in the basin with the best azimuthal coverage of stations and therefore
the location was improved the most (0.8km). The event #2 is located in the south Sichuan
and only a few stations with corrections recorded the event. Therefore, station corrections
do not help much with the location improvement. However, the location was pushed
slightly farther away from the truth location. Therefore, in general, station correction is
meaningful and significant in improving locations only when more stations have
corrections from a large amount of events.
5.2.2.3 Station Corrections by Explosions
Locations of the earthquakes close to the explosions can also be improved by applying the
station corrections given by explosions. This is because the single explosion close to the
earthquake shares similar ray path with the earthquake. The residuals of two explosions in
the middle of Sichuan and in the southern part of Sichuan can be taken as station
corrections to relocate the events close to the explosions. Figure 5-11 and 5-12 show the
residuals of two explosions provided by SBSP. Comparison of locations before and after
the station corrections are applied is listed below.
Orig. Lat. Long. RMS(s) RMS (after correction)
120019.3 2928 10331 0.57 0.46
19.86 2929.47 10331.89 1.09 0.99
19.96 2929.34 10330.90 0.98 0.76
We can see that the RMS errors decrease for the three events closer to the three
explosions respectively. That means the earthquake locations have been improved after
station corrections from the nearby ground truth events. Generally speaking, if more well
distributed ground truth events are available in the study area, station corrections from
these events can greatly improve the location accuracy of earthquakes.
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Figure 5-1: The epicenter plot of the three ground truth events provided by SBSP.
Event #1, Fixed Depth
0 100 200 300
Distance (km)
Event #2, Fixed Depth
0 200 400 600
Distance (km)
Event #3, Fixed Depth
120;-
I I I
I I I
100 ------ 
- - - - - - - - *
100 - 4- -4- -4 I I
I I I
40 ------ ~60--- ----- - ------
-20 L L
0 200 400 600 80
Distance (km)
Figure 5-2: The travel time curve (blue line) calculated by the 1-D six layer velocity
model, the travel time curve (red dot) recorded by the stations and the travel time
residuals (green dot). The travel time was calculated by HYPOINVERSE when the depths
of the ground truths are fixed.
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Figure 5-3: The travel time curve (blue line) calculated by the 1-D six layer velocity
model, the travel time curve (red dot) recorded by the stations and the travel time
residuals (green dot). The travel time was calculated by HYPOINVERSE when the
hypocenters of the ground truths are fixed.
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Figure 5-4a: Travel time residuals for the ground truth Event #1.
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Figure 5-4b: Demeaned travel time residuals for the ground truth Event #1.
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Figure 5-5a: Travel time residuals for the ground truth Event #2.
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Figure 5-5b: Demeaned travel time residuals for the ground truth Event #2.
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Figure 5-6a: Travel time residuals for the ground truth Event #3.
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Figure 5-6b: Demeaned travel time residuals for the ground truth Event #3.
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Figure 5-7: The Standard Deviation of travel time residuals for the 48 seismic events
provided by SBSP.
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Figure 5-9a: The contour of travel time residuals.
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Figure 5-9b: The contour of travel time residuals with outlier removed.
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Figure 5-10: The station corrections from the 48 earthquakes provided by SBSP. Positive
corrections (red circles) indicate seismic waves arrive late and negative corrections (green
circles) indicate seismic waves arrive early.
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Figure 5-11: The station corrections (travel time residuals) for the explosion #1 (1980) in
Sichuan province. Positive corrections (red circles) indicate seismic waves arrive late and
negative corrections (green circles) indicate seismic waves arrive early.
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Figure 5-12: The station corrections (travel time residuals) for the explosion #3 (1983) in
Sichuan province. Positive corrections (red circles) indicate seismic waves arrive late and
negative corrections (green circles) indicate seismic waves arrive early.
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Chapter 6
Two Layer Crust Model
The one-dimensional six-layer crust model used in this paper fits the explosion data very
well. Figure 6.1 shows that we can only see two or three layers if we plot the travel times
versus distance curve of the three explosions together. The six layers are barely visible in
this travel time plot. Therefore, we will investigate a two- or three- layer earth velocity
model (one or two crust layers plus one mantle layer) and compare the location quality of
the explosions with the six-layer model.
6.1 Data Modeling
Since the hypocenters and origin times of the three explosions are known, the travel times
plotted in Figure 6.1 are considered the 'true' travel times of the three events. We will try
to find the 'best and simple' model that fits the travel time data by minimizing the root
mean square (RMS) error.
Two data modeling algorithms, the random search method and the joint inversion
method, will be used to produce the best-fit models. The random search (Monte Carlo)
method will be used to search for the best parameters of the velocity model to fit the
travel time data of the explosions. No optimal event locations will be calculated when
searching the optimal crust model. The joint inversion method (Monte-Carlo and Gauss-
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Newton method) fits the travel time data with the best model and simultaneously locates
events. We will model the crust with one layer and two layers. The two-layer models we
found fit data better and therefore will be used to locate all the available seismic events
provided by SBSP.
6.1.1 Random (Monte Carlo) Search Fit
There are five parameters to estimate a two-layer crust model. Those parameters are the
velocities for the upper crust, lower crust, upper mantle and the two-layer thicknesses in
the two crust layers. There are only three parameters to estimate a one-layer crust model
(the velocities in the crust and mantle, and the crust thickness). After the layered model is
set up (flat earth and spherical earth models are very close for the distance range of 10
degrees or less), the distances and travel times can be calculated according to the
formulas listed in Appendix B. The calculated travel time versus distance curve contains
two or three straight lines for one- or two-layer crust models, respectively. The best five
parameters that fit the data with the minimum RMS error can be found by a random
search method (also called the Monte Carlo method). The steps of a random search are as
follows:
Step 1: Choose parameter ranges.
Step 2: Choose a random number, scale the [0-1] random number to the
parameter interval [/SMIN - /MAX ], and repeat for all parameters.
Step 3: Calculate theoretical data.
Step 4: Compare theoretical (Tmodel) and observed (Tobserved data. The data
residual AT is defined to be (Tmodel -~ T,,,r,)
Step 5: Stop if residual misfit is small or after nmax trials. The residual misfit is
measured by the RMS error and calculated as follows:
RMS ,
tN
where N is the number of observations.
Step 6: Keep parameter sets associated with small residuals.
Step 7: Repeat from 2 if residuals large or if nmax not reached.
A random search will continue to nmax or will stop if RMS is smaller than the
tolerance F. With the random search method one can be reasonably certain of uniqueness
if n. goes to infinity and/or F goes to zero. The RMS error will go to true minimum
and the parameters go to the global solution.
After fifty million runs, the best one-layer crust model was found with a RMS
error of 1.49 s, and the best two-layer crust model gave a RMS error of 1.42 s. The
parameters of these two models are shown in Table 6.1. Figures 6.1 and 6.2 show the
travel time data of three explosions, the one-layer crust model, and the two-layer crust
model, respectively. The two lines fitting the crust in Figure 6.2, the velocity models in
the upper and lower crust, are very close.
We have found two best models using the Monte Carlo method to fit the travel
time data of three explosions. We also ran the least squares location program
(Hypoinverse) using the two best models searched by the Monte Carlo method. The
location results are listed in Table 6.2. From Table 6.2, we can see that the mean
epicentral misfits (distances listed in the table) and mean depth misfits (depth in the table)
by two crust models are close. The origin time misfits (O.T.) are also listed in the table as
the difference between the true origin times and the estimated origin times. The mean
origin time misfit is nearly zero for the two models. The mean RMS error given by the
two-layer crust model is smaller than the mean RMS error provided by the one-layer crust
model. Therefore, we can conclude that the two-layer crust model is a better fit to the
travel time data of three explosions than the one-layer crust model.
The mean RMS errors (listed in Table 6.2) given by Hypoinverse are about 0.25 s
smaller than the RMS errors (listed in Table 6.1) by the Monte Carlo method. Now the
question is: why is the mean RMS given by either model smaller than the RMS by the
Monte Carlo fit?
The answer lies in the fact that the best crust models are found based on the travel
times of all three explosions by the Monte Carlo method, and each explosion is located
independently by the Hypoinverse (Newton method) using the best models. Given the
best-fit model, each event is located at the optimal origin time and hypocenters that
minimize the RMS of that event only. The origin times of the explosions carry the biggest
uncertainty, while the epicenters and the depths of the explosions are well measured. The
model that fits the travel times of all three events will yield smaller RMS errors after each
event is independently located by the least squares iterations. To reduce the inaccuracy
caused by the origin time uncertainty and the hypocenter uncertainties, the optimal crust
models can be found to minimize the mean RMS errors of three events by running
modified Hypoinverse. Regular Hypoinverse does not optimize crust models while
locating events.
6.1.2 Joint Inversion: Monte Carlo Method and Gauss-Newton
Method
Hypoinverse (Gauss-Newton method location program) locates events based on a given
crust model. I modified Hypoinverse by adding a Monte Carlo (random search) method to
simultaneously search for an optimal crust model while locating events. In other words,
the modified Hypoinverse can simultaneously invert for hypocenter parameters and
velocity models by the least squares methods. Each parameter of the crust model is again
selected from the given range by the random search method. Then for each trial crust
model, each event can be located independently by the least squares method that finds the
optimal origin time and hypocenter by minimizing RMS after the iterations converge. The
final optimal crust model, therefore, is obtained when the mean RMS of the three events
is minimized. The steps of a Monte Carlo and Newton joint inversion are as follows:
Step 1: Choose parameter ranges.
Step 2: Choose a trial velocity model. Choose a random number, scale the [0-1]
random number to the parameter interval [$3 MIN -, 6 MAX ], and repeat for
all parameters.
Step 3: Choose a trial origin time, and a trial hypocenter for one event.
Step 4: Calculate theoretical data.
Step 5: Compare theoretical (Tmodel) and observed (Tserved) data. The data
residual AT is defined to be (Tbserve - Tmodel)-
Step 6: Stop if residual misfit is small or after n trials. The residual misfit is
measured by the RMS error and calculated as follows:
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where N is the number of observations.
Step 7: Keep parameter sets associated with small residuals.
Step 8: Repeat from 3 if residuals large or if nm not reached.
Step 9: Record the velocity parameters, final origin time and hypocenter for the
event.
Step 10: Repeat from step 3 to step 9 for all events.
Step 11: Repeat from step 2 to step 10 for all events until the minimum RMS is
found for every event.
For a dense local earthquake network, the location of the station with the earliest
P-arrival time is a good estimate of the earthquake epicenter, provided that this station is
not situated near the edge of the network. In step 3, unless specified, the trial epicenter is
set to be the location of the station nearest to the event. The default trial origin time is set
to be 2 seconds earlier than the earliest P-arrival time. The trial depth usually makes a
difference to the final estimated location; the depth determination will be discussed in the
later part of this chapter.
The significant differences between the random search steps and the joint
inversion steps are:
1) The joint inversion fits the travel time data of each event with different
model parameters. (It is possible to find one optimal model for all the
events.) The random search method fits the travel time data of all the
events by one model.
2) The joint inversion locates each event with optimal origin time and
hypocenter. The random search gives no event locations.
If we do not know any of the hypocenter information or the origin time of any
explosion, the joint inversion method can find the optimal crust models that minimize the
RMS error for each event. Table 6.3 shows the top 20 two-layer crust models listed in
ascending order of mean RMS of the three events. From Table 6.3, we can see that the
mean depth misfit is around 10 km for these optimal models, while the mean epicentral
misfit is around 4 km. Table 6.4 shows another top 20 two-layer crust models sorted by
mean depth misfit in an ascending order. The depth misfits of these models are close to
zero and the epicentral misfits are also around 5 km. The mean RMS of the three events
shows a large deviation among those models. The minimum mean RMS is 1.37 s and the
maximum mean RMS goes to 2 s. Table 6.5 shows 20 two-layer crust models sorted by
mean epicentral misfit. When the mean epicentral misfit is close to 1 or 2 kin, the mean
depth misfit is a magnitude of 10 km and the mean RMS is as large as 1.5 s or greater.
From Table 6.3 to 6.5, one can conclude that if all the location information about
the events located is unknown and the optimal models are selected only by the minimum
RMS error, very likely the 'best' crust model we choose will yield a large location misfit.
Since the modem global positioning system (GPS) has provided accurate epicenters of
the three explosions, and since we already know all their depths are zero, we can adjust
(or fix) the hypocenters of all three events and only allow least squares iterations to vary
origin times. If the origin time uncertainty is small, we can adjust the origin times for
crust model inversion. The origin times of the three explosions provided by Sichuan have
an uncertainty of up to 0.5 s. Therefore, we only fixed the hypocenters to search the
optimal crust models.
Table 6.6 also shows top 20 optimal crust models with mean minimum RMS in an
ascending order. The hypocenter misfits of the three events are now zero. The mean RMS
is as small as 1.36 s, which is good compared to the 1.2 s RMS listed in Table 6.3. The 20
models listed in Table 6.6 fall in the same cluster. From these we can choose the optimal
models that yield the best origin times of one, two and/or three events.
6.2 Depth Determination
Good azimuthal coverage of stations can determine event epicenter with good accuracy
(we will discuss it in detail in Chapter 7). If an earthquake occurs outside a local
earthquake network, it is difficult to determine the epicenter. Similarly, whereas
earthquakes occur at some depth, it is frequently difficult to determine the focal depth in
general since most seismic stations are located near the earth's surface. There is a trade-
off between the depth of the event and its origin time when locating any seismic event.
Stations very close to the event epicenter can help determine the event's depth. For
instance, if one station happens to be sitting on top of the event epicenter, the source-
receiver distance is exactly the event depth. However, it is almost impossible that an
earthquake happens to occur directly underneath any station. If arrival times of later
phases (such as pP, sS, etc.) are available, event depth can be determined with better
accuracy than when only P and/or S phases are used.
As discussed in Chapter 3, we must be cautious in using arrival times of later
phases for locating local earthquakes because later phases may be misidentified on the
seismograms and their corresponding theoretical arrival times may be difficult to model.
If the station coverage for an earthquake is adequate azimuthally (i.e., the maximum
azimuthal gap between stations is less than 90 degrees), and if one or more stations are
located with epicentral distances less than the focal depth, then later arrivals are not
needed in the earthquake location procedure. On the other hand, if the station distribution
is poor, then later arrivals will improve the earthquake location.
As discussed in Chapter 4, the final depth of any event is dependent on the
starting trial depth. Final solutions of nonlinear least squares (Gauss-Newton method)
may be trapped in local minima. Many located depths vary dramatically with starting trial
depths. It is true that some located depths do not change very much when initial depths
change from 0 km to 60 km for shallow events. Table 6.7 shows that estimated depth and
RMS for each event vary with initial trial depth. The 20 events listed in Table 6.7 are
selected from all 129 earthquake events provided by SBSP. The final depth of each event
can be chosen from the ones with the minimum RMS.
6.3 Iterative Station Corrections
The real Earth is not homogeneous. The layered, one-dimensional crust model is too
simple to describe the complexity of the real Earth. Therefore, no matter how many layers
the crust model is set up to have, large travel time residuals will occur at the stations
where the Earth's crust does not conform with the crust model. One way to compensate
for the inaccuracy of the crust model is to do station corrections. For each station, the
calculated travel time residuals of all the events can be summed and averaged as the
station correction. All events can be iteratively relocated by applying station corrections.
Each station's new travel time residual is calculated as follows:
RESv = Tobseed - calculated -Station correction.
The steps of iterative station corrections are as follows:
Step 1: Choose the optimal crust model.
Step 2: Choose an initial trial depth.
Step 3: Choose an initial trial origin time, and trial epicenter for each event.
Step 4: Calculate theoretical travel time from each event to each station.
Step 5: Compare theoretical (TmodeI) and observed (Tobserved) data. The data
residual AT is defined to be (Tebseved - Tmodel)-
Step 6: Stop if residual misfit is small or after nmax trials. The residual misfit is
measured by the RMS error and calculated as follows:
RMS = ,
Nf
where N is the number of observations of each event.
Step 7: Repeat from 3 if residuals large and nm not reached, and keep all the
residuals from each station to each event.
Step 8: Take each station's mean residual as the station corrections.
Step 9: Repeat from 3 with station corrections applied.
Step 10: Stop if the root mean square station corrections (RMSSC) is small or
after n iterations. RMSSC is measured and calculated as follows:
RMSSC = ,
N
where SC is the station correction at each station and N is the total
number of stations.
Step 11: Keep the location of each event associated with the minimum RMS at
the first initial trial depth.
Step 12: Repeat from 3 if RMSSC is large and nmax is not reached.
Step 13: Repeat from 2 at another initial trial depth to locate events with iterative
station corrections applied.
Step 14: Stop if all the initial trial depths are used.
Step 15: Choose final location of each event with the minimum RMS at different
initial trial depth.
Table 6.8 shows the location comparison by the Gauss-Newton method and by the
iterative station correction method. The averaged epicentral misfit is reduced from 4 km
by the Gauss-Newton method to 3 km by the iterative station correction. The mean RMS
given by the iterative method is only 0.68 s which is much smaller than the 1.25 s given
by the Gauss-Newton method. The depth and origin time misfits are nearly the same for
the two methods. Table 6.9 shows the RMS errors of all 129 earthquakes located by the
two-layer crust model before and after iterative station corrections were applied. We can
see that iterative station corrections reduce RMS errors for all listed events.
6.4 Discussion
We have successfully found the optimal two-layer crust model and used it to locate all
129 events from Sichuan. We have also developed an iterative station correction method
to reduce RMS error of each event. In this section, we will compare the quality of the
two-layer crust model with that of the six-layer model used previously. We will also
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compare our estimated earthquake locations with those by SBSP. Finally, we will discuss
location problems.
6.4.1 Crust Model Comparison
Since true earthquake locations are unknown, the best way to compare the crust models is
to test the ground truth events. Travel time residuals are equally weighted and iterative
station corrections are used to estimate the ground truth event locations. Table 6.10 shows
the epicentral misfits, depth misfits and RMS errors of all three events by two different
crust models. The six-layer crust model gives a slightly smaller epicentral misfit than the
two-layer model. The depth misfits and RMS errors are nearly the same. Therefore, we
can conclude that the two-layer crust model is actually a good model to use to locate
earthquakes in the Sichuan area.
6.4.2 Earthquake Location Comparisons
Figure 6.3 shows the epicenters and depths of 129 events located by SBSP and our two-
layer crust model. Our epicentral locations are close to the locations by Sichuan for most
events. There are a few events with epicentral mismatch of 30 km or more. Figure 6.4
shows the epicenter and depth plots by the grid-search method and our two-layer crust
model. We can see that the grid search locations are close to the ones we located.
Table 6.11 shows the epicentral distances between the locations by SBSP and our
locations in highlighted numbers. The epicentral distances between the locations by grid-
search and our locations are also listed in the table. The mean epicentral distance between
the Sichuan location and ours is 8 km, and the mean epicentral distance between the grid-
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search location and ours is only 3 km. That means our location solutions agree with the
grid-search locations.
6.4.3 Joint Earthquake-Master Event Location
The event epicentral location can be better determined if master events are available. As
we discussed in Chapter 4, events close to explosions share similar ray traces. Therefore
we can calculate travel time residuals for the stations that have records of the master
event. We can use the residual at each station as station corrections to locate earthquake
events near the master event. A joint earthquake-master event location method can be
established to provide improved accuracy for earthquake locations if more master events
with known locations are available in a large area.
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Table 6.1 Best crust model parameters by random search method.
Velocities (V) are in km/s and depths (D) are in km. Up and low means
upper-crust and lower-crust, respectively. RMS errors are in seconds.
One Layer Crust Model Two Layer Crust Model
VCRUST VMANTLE DCRUST RMS UP LOW MANTLE DuP DLOW RMS
5.87 8.34 56.2 1.49 5.71 6.50 8.46 19.0 51.0 1.42
Table 6.2 Location results by Hypoinverse (Gauss-Newton method).
The starting trial depth is 20km for the two models. Distances listed in
the table are the epicentral misfits from the true epicenters to the
estimated epicenters. The true depths of three events are zero. The
origin time misfit (O.T. listed in the table) is defined to be the true
origin time subtracting the estimated origin times. Distance and depth
are in km. Origin time and RMS are in seconds.
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Event One Layer Crust Model Two Layer Crust Model
Floating Depth Floating Depth
Starting Depth = 20km Starting De th = 20km
0. T. Distance Depth RMS 0. T. Distance Depth RMS
No.1 -0.48 3.42 0 1.61 -0.42 3.48 0 1.25
No.2 0.72 8.30 0 1.29 0.88 7.86 0 1.39
No.3 -0.26 0.71 3.35 1.14 -0.40 0.86 6.0 1.12
Mean 0.00 4.14 1.12 1.35 0.02 4.07 2.00 1.25
Table 6.3 Top 20 two-layer crust models with mean RMS in ascending order.
The models are found by
misfit is listed as Depth.
the joint inversion method. The mean depth
The mean epicentral misfit is listed as Dist.
RMS is in seconds. Depth and Dist. are in km. Velocities are in km/s.
VA VT V___ D DLOW RMS Depth Dist.
5.048 6.282 8.164 15.891 53.888 1.203 11.87 4.24
5.506 6.270 8.160 15.682 52.447 1.203 10.77 4.11
5.874 6.216 8.163 13.605 52.727 1.207 10.04 4.20
5.371 6.284 8.177 18.622 51.796 1.207 13.51 4.20
5.442 6.287 8.127 16.546 52.198 1.207 12.01 4.16
5.600 6.280 8.191 17.808 51.232 1.207 11.64 4.19
5.681 6.285 8.172 14.630 52.378 1.207 09.38 4.10
5.447 6.210 8.179 16.404 54.071 1.207 13.61 4.29
5.304 6.212 8.178 14.801 55.333 1.207 12.84 4.28
5.953 6.414 8.219 19.539 46.590 1.207 04.72 4.25
5.102 6.280 8.203 18.460 53.400 1.207 13.94 4.32
5.451 6.221 8.135 17.640 52.902 1.210 14.53 4.27
5.132 6.194 8.153 16.533 53.539 1.210 13.72 4.33
5.686 6.305 8.162 14.497 51.930 1.210 08.91 4.10
5.673 6.287 8.118 14.307 52.879 1.210 11.12 4.07
5.565 6.289 8.202 18.158 52.126 1.210 12.71 4.14
5.863 6.375 8.245 16.777 50.767 1.210 07.73 4.29
5.560 6.339 8.143 16.879 49.984 1.210 09.40 4.08
5.905 6.414 8.182 19.101 47.710 1.210 07.80 4.42
5.771 6.270 8.110 14.139 51.731 1.210 09.94 4.05
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Table 6.4 Top 20 two-layer crust models with mean Depth in ascending order.
The models are found by the joint inversion method. The mean depth
misfit is listed as Depth. The mean epicentral misfit is listed as Dist.
RMS is in seconds. Depth and Dist. are in km. Velocities are in km/s.
V VL VMANTLE D DLOW RMS Depth Dist.
5.708 6.146 8.712 23.411 43.205 1.567 0.02 4.85
5.680 6.540 8.633 37.165 30.755 1.547 0.03 4.81
5.630 6.623 8.753 31.990 39.982 1.600 0.03 4.97
5.620 6.454 8.234 11.853 46.004 1.377 0.03 3.97
5.139 6.309 8.375 16.191 42.109 1.557 0.05 5.35
5.762 6.414 8.526 35.947 28.091 1.477 0.06 4.55
4.962 6.250 8.340 14.514 42.879 1.567 0.09 5.46
5.236 6.072 8.357 13.776 41.427 1.620 0.10 6.00
5.889 6.339 8.331 15.282 42.489 1.397 0.10 4.48
5.492 6.739 8.914 31.674 41.992 1.750 0.11 7.29
4.846 6.194 8.089 10.218 41.254 1.527 0.12 4.65
5.101 6.424 8.103 12.044 43.151 1.440 0.15 3.75
5.328 6.224 8.373 16.255 41.488 1.557 0.15 5.39
5.469 6.402 8.228 16.211 40.219 1.460 0.16 4.92
5.869 6.063 7.940 10.439 34.489 1.430 0.16 5.12
5.334 6.043 8.903 31.159 35.347 2.003 0.17 8.29
5.847 6.319 8.374 15.017 43.279 1.413 0.17 4.58
5.970 6.263 8.381 18.793 40.222 1.377 0.17 4.21
4.981 6.290 8.210 13.910 41.529 1.490 0.18 4.97
5.655 6.375 8.284 10.867 47.201 1.390 0.19 4.20
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Table 6.5 Top 20 two-layer crust models with mean Dist. in ascending order.
The models are found by the joint inversion method. The mean depth
misfit is listed as Depth. The mean epicentral misfit is listed as Dist.
RMS is in seconds. Depth and Dist. are in km. Velocities are in km/s.
V VL VMANTLE D DLOW RMS Depth Dist.
4.443 6.682 7.316 19.943 17.358 1.777 08.82 1.18
4.403 6.402 7.308 16.298 17.373 1.810 06.10 1.29
4.782 6.284 7.205 20.366 06.428 1.930 08.77 1.36
4.754 6.274 7.228 20.969 00.340 1.983 07.72 1.44
4.118 6.776 7.362 21.341 17.694 1.787 11.56 1.45
4.522 6.127 7.242 14.708 15.375 1.863 06.24 1.60
4.910 6.131 7.203 17.479 08.840 1.913 04.38 1.60
5.025 6.733 7.554 21.742 27.491 1.563 10.23 1.61
4.908 6.170 7.284 13.920 14.904 1.857 04.00 1.65
4.290 6.579 7.170 23.096 09.121 1.930 12.48 1.67
5.048 6.463 7.272 19.656 14.777 1.743 04.93 1.67
4.440 6.711 7.392 17.183 19.936 1.747 06.27 1.69
4.867 6.801 7.259 17.431 12.674 1.877 03.67 1.74
5.333 6.388 7.195 08.658 06.267 2.180 07.27 1.75
4.542 6.923 7.532 20.907 33.585 1.670 10.03 1.77
4.705 6.005 7.289 18.773 02.567 2.010 07.49 1.79
4.595 6.969 7.237 14.951 07.573 2.053 04.78 1.80
5.333 6.126 7.203 02.487 11.280 2.180 09.75 1.82
4.377 6.591 7.248 25.333 11.815 1.773 08.29 1.82
5.048 6.706 7.642 21.627 31.754 1.497 10.55 1.82
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Table 6.6 Top 20 two-layer crust models with mean RMS in ascending order.
The hypocenters of the explosions are known and only origin times are
treated as unknown parameters while
with the Monte Carlo method. Depth is
and velocities are in km/s.
searching optimal
in km. RMS errors
crust models
are in second
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VUP VLOW VMANTLE _ UP DLOW RMS
5.579 6.598 8.292 20.638 47.738 1.363
5.530 6.578 8.231 20.801 46.221 1.363
5.536 6.617 8.196 19.928 46.222 1.363
5.513 6.639 8.194 21.391 45.352 1.363
5.210 6.466 8.256 16.795 50.521 1.363
5.567 6.571 8.144 18.390 44.899 1.363
5.561 6.513 8.205 17.377 49.322 1.363
5.480 6.593 8.232 18.986 48.885 1.363
5.479 6.517 8.219 18.375 47.016 1.363
5.367 6.468 8.305 15.872 51.571 1.363
5.412 6.595 8.305 21.032 49.043 1.367
5.392 6.576 8.198 20.227 47.224 1.367
5.445 6.447 8.352 17.224 51.425 1.367
5.654 6.444 8.279 16.428 51.396 1.367
5.038 6.451 8.215 14.351 51.215 1.367
5.439 6.500 8.167 16.007 49.142 1.367
5.655 6.371 8.266 14.216 50.941 1.367
5.467 6.652 8.197 20.651 46.191 1.367
5.511 6.666 8.177 20.999 45.812 1.367
5.513 6.395 8.193 15.923 49.436 1.367
Table 6.7 Estimated depth and RMS dependent on initial trial depth.
The 20 events shown in the table are selected from the 129 earthquakes
provided by SBSP. The estimated depth and RMS of each event
depends on the initial trial depth (Init. Dep.). The final estimated depth
(F. D.) can be determined from the ones with minimum RMS.
Event Init. Dep. Init. Dep. Init. Dep. Init. Dep. Init. Dep. Init. Dep.
No. 10km 20km 30km 40km 50km 60km
F.D. RMS F.D. RMS F.D. RMS F.D. RMS F.D. RMS F.D. RMS
(km) (s) (km) (s) (km) (s) (km) (s) (km) (s) (km) (s)
1 11.41 1.68 20.10 1.70 20.78 1.70 20.78 1.70 20.78 1.70 20.11 1.70
2 15.40 1.17 17.96 1.17 25.07 1.16 25.07 1.16 25.07 1.16 25.07 1.16
3 10.10 0.77 26.28 0.80 26.28 0.80 26.28 0.80 26.29 0.80 26.28 0.80
4 07.65 1.48 24.68 1.50 24.63 1.50 24.62 1.50 24.70 1.50 24.61 1.50
5 10.47 2.37 10.47 2.37 24.95 2.39 24.97 2.40 24.95 2.40 24.95 2.40
6 14.54 1.74 24.54 1.74 24.54 1.74 24.52 1.74 24.52 1.74 24.53 1.74
7 06.38 1.40 06.40 1.40 25.71 1.47 25.73 1.46 25.71 1.47 25.71 1.46
8 00.56 0.86 20.86 1.00 20.25 1.00 20.86 1.00 20.24 1.00 20.82 1.00
9 00.30 1.09 19.96 1.23 19.95 1.23 19.97 1.23 00.30 1.10 20.01 1.23
10 16.72 1.43 19.68 1.43 29.03 1.37 29.03 1.37 29.03 1.37 29.03 1.37
11 39.76 0.88 39.72 0.89 39.75 0.89 40.80 0.88 40.81 0.88 60.71 1.21
12 05.32 1.88 24.91 1.89 25.06 1.89 25.05 1.89 25.06 1.89 25.06 1.89
13 03.96 0.84 19.00 0.95 18.99 0.95 18.99 0.95 19.00 0.95 19.00 0.95
14 07.89 2.05 07.89 2.05 21.45 2.08 21.46 2.08 21.47 2.08 21.47 2.08
15 12.94 2.30 12.93 2.30 30.33 2.31 30.33 2.31 30.33 2.31 30.32 2.31
16 09.06 2.95 20.24 2.98 26.48 2.99 26.47 2.99 26.46 2.99 26.47 2.99
17 08.78 1.19 15.64 1.21 26.84 1.20 26.81 1.19 26.83 1.20 26.82 1.20
18 07.09 1.45 14.93 1.45 14.99 1.45 15.41 1.45 14.95 1.45 14.99 1.45
19 00.41 1.24 13.53 1.31 13.54 1.32 13.53 1.31 13.49 1.32 13.52 1.31
20 05.63 0.65 05.60 0.65 20.69 0.88 05.62 0.65 20.75 0.88 20.66 0.88
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Table 6.8 Location comparison by Hypoinverse (Gauss-Newton method) and
Iterative Station Correction method.
Distances listed in the table are the epicentral misfits from the true
epicenters to the estimated epicenters. The true depths of three events
are zero. The origin time misfit (O.T. listed in the table) is defined to
be the true origin time subtracting the estimated origin times. Distance
and depth are in km. Origin time and RMS are in seconds.
Event Two Layer Crust Model
Gauss-Newton Method Iterative Station Correction Method
0. T. Distance Depth RMS 0. T. Distance Depth RMS
No.1 -0.42 3.48 0 1.25 -0.42 3.1 0 0.77
No.2 0.88 7.86 0 1.39 0.88 5.2 0 0.73
No.3 -0.40 0.86 6.0 1.12 -0.40 0.7 5.5 0.53
Mean 0.02 4.07 2.00 1.25 0.02 3.0 1.8 0.68
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Table 6.9 RMS errors (in seconds) for all 129 earthquakes before and after the
station corrections were applied.
before after before after before after before after
1.68 1.17 1.67 1.04 0.92 0.92 2.56 2.31
1.16 1.06 1.86 1.74 0.80 0.73 1.67 1.28
0.77 0.76 2.30 1.97 0.55 0.50 1.41 1.38
1.35 1.35 1.69 1.10 1.09 1.03 1.37 1.22
2.44 2.06 1.47 0.72 0.48 0.46 1.42 1.29
1.11 0.90 1.28 1.28 0.59 0.37 1.16 1.10
1.49 1.49 1.17 1.13 1.12 0.96 0.79 0.68
1.24 1.11 1.16 0.98 0.65 0.65 1.31 1.15
1.03 0.98 2.95 2.69 1.23 0.99 1.51 1.42
1.48 1.26 1.06 0.97 0.85 0.62 0.88 0.88
2.37 1.84 0.83 0.65 1.14 0.90 1.88 1.72
0.88 0.81 1.19 1.15 0.83 0.75 0.84 0.71
1.28 1.18 1.45 0.84 0.73 0.62 1.86 1.27
1.07 0.88 1.24 1.10 0.58 0.57 0.97 0.71
1.74 1.73 1.98 1.77 0.75 0.72 1.50 1.40
1.43 0.92 2.40 2.25 1.12 1.09 0.79 0.76
1.43 0.92 1.82 1.60 0.85 0.85 2.05 1.41
1.03 0.94 1.29 0.90 0.72 0.72 1.29 1.01
1.40 1.22 1.79 1.77 0.75 0.62 1.66 1.18
1.81 1.74 2.02 1.69 0.65 0.56 1.47 1.21
0.86 0.81 1.57 1.23 0.97 0.90 1.33 1.27
1.09 1.07 0.54 0.40 2.17 1.95 0.94 0.74
0.47 0.46 0.67 0.66 0.55 0.55 1.04 1.01
1.36 1.28 0.81 0.80 0.96 0.80 1.07 0.89
0.75 0.65 0.60 0.60 0.88 0.64 0.63 0.61
0.72 0.72 0.65 0.61 0.72 0.68 1.64 1.58
0.68 0.64 1.09 1.03 1.01 0.90 0.60 0.48
1.24 1.11 1.04 1.04 0.65 0.63 0.92 0.76
0.68 0.54 1.28 1.28 0.67 0.66 1.21 1.21
1.09 1.04 0.70 0.55 0.95 0.85 1.24 1.01
1.10 1.00 1.39 1.39 0.63 0.60 1.17 0.95
0.81 0.75 1.12 0.90 0.82 0.80 1.57 1.08
1.14 0.97 _ _ 1 1_1
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Explosion location comparison of two crust models.
The final location of each event is determined after the iterative
station correction method is used. The six-layer model gives smaller
epicentral misfit (Distance). The depth misfit (Depth) and RMS
difference are not significant. Residuals are weighted equally in this
chapter. The estimated locations listed here are different from those
listed in Chapter 4 by the same six-layer model. Residuals are
weighted differently in Chapter 4 as a function of source-receiver
distance and residual magnitude. Distance and depth are in km. RMS
errors are in seconds.
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Table 6.10
Event Two Layer Model Six Layer Model
Distance Depth RMS Distance Depth RMS
Event #1 4.50 0 1.66 5.10 0.67 1.66
Event #2 5.73 0 1.42 4.45 0.05 1.35
Event #3 1.67 1.1 1.05 1.48 0.16 1.15
Table 6.11 Epicentral distance between Sichuan locations and our locations
(highlighted) and epicentral distance between grid-search locations
and our locations. Our locations are closer to the grid-search locations
than the Sichuan locations. Distances are in km.
Sichuan Gridsearch Sichuan Gridsearch Sichuan Gridsearch
8.8 4.3 4.3 0.6 4.9 7.8
3.7 2.3 8.6 5.4 13.4 1.9
5.5 5.6 12.7 2.1 0.6 1.7
0.7 2.4 8.5 3.4 3.0 5.1
19.8 10.2 43.1 3.2 9.1 2.1
1.4 2.1 11.0 2.0 3.3 2.3
4.9 1.9 5.7 1.1 13.0 6.6
9.3 5.1 8.1 8.8 1.1 0.5
3.3 1.8 10.4 5.2 9.9 1.4
32.1 23.1 1.2 2.7 2.0 5.5
8.3 8.6 7.5 2.2 5.6 5.2
15.5 4.5 25.6 3.7 33.6 9.7
18.5 14.6 8.5 4.5 0.4 0.3
2.2 0.5 8.5 2.0 0.8 1.8
5.2 3.5 20.8 7.1 0.7 1.2
8.4 4.8 6.6 10.9 0.4 1.1
6.5 9.5 6.3 5.3 3.6 0.6
2.5 0.6 3.8 5.1 0.0 0.9
6.9 4.5 6.0 3.6 11.3 1.6
18.7 4.0 7.3 6.0 2.1 2.1
4.4 1.9 1.7 1.3 1.8 4.4
3.7 1.5 2.6 3.2 7.7 10.8
35.0 9.4 2.6 1.8 4.7 2.2
8.7 5.6 5.2 4.3 0.8 2.2
13.4 2.0 2.0 1.8 7.3 3.3
4.1 3.5 2.5 1.2 10.5 1.5
6.6 1.1 1.2 0.6 10.3 7.6
11.8 1.2 6.6 1.5 9.8 1.7
8.9 0.5 3.5 2.9 1.7 2.2
4.2 1.6 1.2 4.3 8.8 3.1
7.8 3.0 2.1 2.6 1.8 3.4
31.9 30.2 2.9 3.6 1.9 1.1
7.7 2.3 7.4 1.6 8.1 2.4
4.0 1.3 1.2 1.6 6.4 0.9
9.5 2.3 0.9 3.2 10.3 1.7
8.3 2.4 2.1 3.8 1.5 2.1
2.9 4.8 1.1 0.7 6.6 3.0
11.6 6.8 9.2 3.2 19.9 3.6
5.6 4.3 1.9 1.0 6.3 0.8
7.8 5.6 2.2 0.2 3.3 4.6
7.7 4.5 21.1 4.1 8.1 1.5
3.7 2.5 3.3 1.3 4.8 2.7
10.7 3.1 4.2 3.9 7.8 2.8
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Figure 6-1: Travel time data (color dots) of three explosions and the one-layer crust model
(black line).
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Figure 6-2: Travel time data (color dots)
model (black line).
of three explosions and the two-layer crust
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Figure 6-3: Comparison of earthquake locations by SBSP (red) and by the two-layer crust
model (blue). The top figure is the epicenter plot and the center and bottom figures are the
longitude vs. depth plots. Stations are listed as triangles.
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Chapter 7
Conclusions
In this thesis, there were 129 earthquake events and the 3 explosions provided by SBSP.
Based on the P and S arrival times provided by SBSP, those 132 seismic events have
been relocated using a one-dimensional velocity model. The random (Monte Carlo)
method and the Gauss-Newton method have been used to solve the nonlinear least
squares inversion problem, thus locating seismic events. The iterative station correction
method has been designed to jointly improve the event location and velocity model. A
master event joint location has also been tested. Some topics, such as spherical earth
travel time calculation, were not discussed in previous chapters and will be talked about
later in this chapter. Confidence regions will not be covered in this thesis.
7.1 Velocity Model
We have used two one-dimensional velocity models to locate both earthquakes and
explosions. Both a six-layer crust model and a two-layer crust model fit the travel time
data of three explosions very well. The six-layer model was originated by Zhou (1995)
and has been modified according to the travel time data of the three ground-truth events
we received from Sichuan. The two-layer crust model was directly obtained by fitting it to
the travel time data of the explosions. The two-layer model is much simpler and provides
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a similar quality of seismic event locations to the six-layer model. We can conclude that
the two-layer model we used is a good approximation to represent the crust structure of
the Sichuan area.
From Figure 6.1 and 6.2, we can see that three explosions at different epicenters in
the Sichuan area share a similar travel time versus distance curve. This indicates that the
crust heterogeneity is not significant in the Sichuan area. The large variations of travel
time and distance curve at source-receiver distance of 400 km or greater indicates the
moho depth variation. This is because the first arrivals of seismic waves received by
further stations are Pn phases that have refracted from the crust to the upper mantle.
7.2 Inversion Method
The Gauss-Newton method iteratively finds solutions (best event location) of non-linear
optimization by minimizing the RMS error. The random search (Monte Carlo) method
was used to determine the optimal velocity model by searching for best parameters of the
model. Combining the Monte-Carlo method and the Gauss-Newton method can locate
seismic events and optimize the velocity model.
Station corrections are the averaged travel time residuals of all the events at each
station. Iteratively applying station corrections can improve the locations of seismic
events. Since there is no velocity model representing the true crust structure, station
corrections can compensate the incorrectness of the model used.
The imperfection of station correction lies in the fact that no matter how many
iterations are applied, the station correction at each iteration is the averaged travel time
residuals at each station. That means the station correction is usually not the exact travel
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time correction for a station to an event. For instance, if there is an outlier that gives large
travel time residuals to the stations, the station corrections will be too big for other
events.
The joint master event location can help provide more accurate station
corrections. Events near master events (such as explosions) with known locations share
similar ray traces with master events. Station corrections from master events will better
describe the incorrectness of the velocity model and help improve the locations of the
events near master events.
7.3 Spherical Earth Travel Time Calculation
The Earth is surely not flat, nor is it purely spherical. In general, if the source-receiver
distance (delta) is less than 20 degrees, flat earth approximation (see Appendix C) is
accurate. It is of significance to use a spherical Earth model for travel time calculation for
larger source-receiver distances. Figure 7.1 shows there are less than 0.5 percent of
source-receiver distance difference and direct wave arrival time difference between flat
and spherical models if delta is less than 20 degrees. The differences increase with delta
and are about 14% when delta goes to 100 degrees.
7.4 Depth
Good azimuthal coverage of stations can determine event epicenter with good accuracy.
Event depth is very difficult to locate. Final calculated depth is usually dependent on
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different initial trial depths. Therefore, we can choose the optimal depth at which the
RMS is minimum.
7.5 Future Work
This research is based on one-dimensional velocity models. We can construct a 3-D crust
model for the Sichuan area and then locate thousands of earthquake events and improve
the crust model simultaneously. The neural network method and the Kalman filtering
method can be used to determine event location instead of the Gauss-Newton method or
the Monte Carlo method.
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Table 7.1 Distance and travel time difference between flat and spherical model.
The A is the angular distance between source and receiver. Df is the
source-receiver distance for flat earth model and D, is the source-
receiver distance for spherical model. T is the direct wave travel time
for the flat model and T is the direct wave travel time for spherical
model.
A D D Df -D T T T-T
(degree) sa D s X100 T S xl00(K(m) (K(m) D, (s) (s) T
005 00556.0 0555.8 00.0 0097.5 0097.5 00.0
010 01111.9 1110.5 00.1 0195.1 0194.8 00.1
015 01667.9 1663.2 00.3 0292.6 0291.8 00.3
020 02223.9 2212.6 00.5 0390.2 0388.2 00.5
025 02779.9 2757.9 00.8 0487.7 0483.8 00.8
030 03335.8 3297.9 01.2 0585.2 0578.6 01.2
035 03891.8 3831.6 01.6 0682.8 0672.2 01.6
040 04447.8 4358.0 02.1 0780.3 0764.6 02.1
045 05003.8 4876.2 02.6 0877.9 0855.5 02.6
050 05559.7 5385.0 03.2 0975.4 0944.7 03.2
055 06115.7 5883.6 03.9 1072.9 1032.2 03.9
060 06671.7 6371.0 04.7 1170.5 1117.7 04.7
065 07227.7 6846.3 05.6 1268.0 1201.1 05.6
070 07783.6 7308.5 06.5 1365.6 1282.2 06.5
075 08339.6 7756.8 07.5 1463.1 1360.8 07.5
080 08895.6 8190.4 08.6 1560.6 1436.9 08.6
085 09451.6 8608.4 09.8 1658.2 1510.2 09.8
090 10007.5 9010.0 11.1 1755.7 1580.7 11.1
095 10563.5 9394.4 12.4 1853.2 1648.1 12.4
100 11119.5 9760.9 13.9 1950.8 1712.4 13.9
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Appendix A
Comparison of VELEST and
HYPOINVERSE
The widely used, one-dimensional earthquake location program HYPOINVERSE (Klein,
1978) was used to compute locations for 48 earthquakes and three explosions using the
one-dimensional six layer model (Zhou et al., 1995). The six-layer model was chosen
from a group of one-dimensional models after it returned the smallest residual normals
for the three explosions. VELEST simultaneously locates earthquakes and calculate one-
dimensional velocity models with station corrections. The station corrections generated
by VELEST can be used to locate other events by HYPOINVERSE.
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Appendix B
Flat Earth Model: Computing Travel
Time, Derivatives, and Take-Off
Angle
The most commonly used velocity model in microearthquake (whose magnitude is less
than 3) studies consists of a sequence of horizontal layers of constant velocity, each layer
having a higher velocity than the layer above it. For the source and the station at the same
elevation, the ray paths and travel times are well known. For an earthquake source at
depth, the specific formulas involved have been given by Eaton (1969, pp. 26-38). We
now derive an equivalent set of formulas by a systematic approach.
B.1 Travel Time
Let us first consider the simple case of a single layer of thickness h and velocity v, over
a half-space of velocity V2 (Figure B. 1). For a surface source at point A, we consider two
possible ray paths to a surface station at point B. The travel time of the direct wave, Td,
alone path AB is
T = A'v (B.1)
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where A is the epicentral distance between the source and the station, i.e., A = AB. The
travel time of the refracted wave, T along path A CDB is
T = (AC/v) + (CD/v )+ (DB/v) (B.2)
Using Snell's law, we have
sin 0/v1 = sin 90 0/v2 = sin /vi (B.3)
so that 0 = f (Figure B.1), and A C = DB. Consequently, Eq. (B.2) can be written in
terms of 0, h, and A as
A 2h1T=-+ 2 cos 0 (B.4)
v2  v1
Using Eqs. (B.1) and (B.4), we can plot travel time versus epicentral distance as shown in
Figure B.2. The travel time versus distance curve for the direct wave is a straight line
through the origin with slope of 1/v . The corresponding curve for the refracted wave is
also a straight line, but with slope of 1/v 2 and time intercept at A = 0 equal to the
second term on the right-hand side of Eq. (B.4). These two straight lines intersect at
A = A , the crossover distance. For A < AC, the first arrival will be a direct wave,
whereas the first arrival at A > AC will be a refracted wave. In our case, it is more useful
to consider the critical distance for refraction, i.e., the distance beyond which there is a
refracted arrival. With reference to Figure B. 1, the minimum refracted path is such that
CD = 0. Thus the critical distance ( is given by
(= 2h, tan 0 (B.5)
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If the velocity of the first layer is greater than the velocity of the underlying half-space,
there will be no refracted arrival. The reason is that by Snell's law [Eq. (B.3)],
sinq# = v, /v 2 , and # does not exist for the case where v, > V2 -
Results from a single layer over a half-space can be generalized into the case of N
multiple horizontal layers over a half-space. With reference to Figure B.3, the travel times
along different paths may be written as
A
T=- A
v1
A 2h,T=-+ cosOm2 12
V2 V1
A 2hT3 =-+ -cos0 13V3 V1
2h
+ 2 cos0 23V2
and so on, or in general,
The corresponding critical distances may be written in general as
k-1
gk = 21 hi tan 0,,
The relations between the angles 0 ik are given by Snell's law and are written in general as
sin, = V, / , for i=1,2,, N-1,k=2,3, ,N
Using Eq. (B.9) and trigonometric relations between sine, cosine, and tangent, we may
express Eqs. (B.7)-(B.8) directly in terms of layer velocities
k +
Vk
k-1 h(V 2-V2
,=1 vivk
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(B.6)
TA k-1 h
T=-+ 2 -'-cos6,,,
Vk 1=1 Vi
(B.7)
(B.8)
(B.9)
k--1 hiv
gk=21 2v for k=2,3,---,N (B.10)
The first member of Eq. (B. 10) shows that the time versus distance relation for a wave
refracted along the top of the kth layer has a linear form: the slope of the line is 1/vk , and
the intercept in the time axis is the sum of the down-going and up-going intercept times
(with respect to the kth layer) through the layers overlying the kth layer.
We can now proceed to the general case where the source is at any arbitrary depth
in a model consisting of N multiple horizontal layers over a half-space as shown in Figure
B.4. Let the earthquake source be at point A with coordinates (xA, YA ZA), and the
station be at point B with coordinates (xB, YB, ZB). We construct our model such
that the station is at the top of the first layer, and we use vi and h, to denote the velocity
and the thickness of the ith layer, respectively. In Figure B.4, we let the source be inside
the jth layer at depth 4 from the top of the jth layer. The difference between this case and
the surface-source case is that the down-going travel path of the refracted wave starts at
depth ZA instead of at the surface. This means that the down-going seismic wave has the
following fewer layers to travel: the first (-1) layers from the surface, and an imaginary
layer within the jth layer of thickness 4. We can therefore write down a set of equations
for this case in a manner similar to Eq. (B. 10)
~Aj-1 h. Q . k-1 hiQ .
k k i=1 i k i=j i k
v -' hv. k-~ hiv
=+ 2 ' (B.11)
ki=1 ki 1=j ki
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for j = 1,2, ---, N -1 and k = 2,3, ---, N, where T is the travel time for the ray
that is refracted along the top of the kth layer from a source at the jth layer, fjk is the
corresponding critical distance, A is the epicentral distance given by
A = [(XB - XA )2 + (YB YA )2 12 (B.12)
where the thickness ( is given by 4 = zA -(h, + h2 +- hi) , the symbol
= -2 _ )12 and the symbol Q = (V - v )1/2
These equations allow us to calculate the travel times for various refracted paths
and the corresponding critical distances beyond which refracted waves will exist. In many
instances, one of the refracted paths is the minimum time path sought. However, there are
cases in which the direct path is the minimum time path. This is considered next.
If the earthquake source is in the first layer (with velocity v,), then the travel time
for the direct wave is the same as that in the constant velocity model, i.e.,
T = [(xB XA 2 (YB YA 2 (zB ZA /22 V (B.13)
However, if the earthquake source is in the second or deeper layer, there is no explicit
formula for computing the travel time of the direct path. In this case, we must use an
iterative procedure to find an angle # such that its associated ray will reach the receiving
station along a direct path. Let us consider a model where the earthquake source is in the
second layer, as shown in Figure B.5. Let the first layer have a thickness h and let v,
and v2 be the velocity of the first and the second layer, respectively. In our model the
layer velocity increases with depth so that v2 > v,. We choose a coordinate system such
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that the z axis passes through the source at point A, and the 7 axis passes through the
station at point B. Let the coordinates of point A be (0, z A), and that for point B be
(A, 0). For simplicity, we will label the points along the q axis by their 7 coordinates;
for example, point A1 has the coordinates (A1,1 0). We will also label the points along
the line z = h, by their q coordinates; for example, point r/i has the coordinates
(q1, h1). We define 4 = ZA - h. Let the Os be the angles measured from the
negative z direction to the lines joining point A with the appropriate points along the line
z = hi (see Figure B.5).
To find by an iterative procedure an angle # whose associated ray path will reach
the station, we first consider lower and upper bounds (#1 and #2) for the angle #. If we
join points A and B by a straight line, then AB intersects the line z = h, at point r/,
such that its q coordinate is given by 771 = A(/z). By Snell's law and the fact that
V2 > v1 , this ray A 1, will emerge to the surface at a point with 77 coordinate of A1,
which is always less than A. Thus the angle #1 associated with the ray A 71 can be
selected as the lower bound of #. To find the upper bound of #, we let 172 be the point
directly below the station and on the line z = h, i.e., r/2 = A. Again by Snell's law and
v2 > v1, the ray A rq2 will emerge to the surface at a point with q coordinate of A2 ,
which is always greater than A. Thus the angle #2 associated with the ray A r72 can be
selected as the upper bound of #.
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To start the iterative procedure, we consider a trial ray A 7,, and its associated
trial angle f. (see Figure B.5) such that 7, is approximated by
(17, -71)1(q2- 71)= (A - A)/(A2 - A1)
and
7, = arctan(r, /)
By Snell's law and knowing 27,, we can determine the q coordinate, A, of the point
where the ray A t7, emerges to the surface. In order for the trial angle #, to be
acceptable, the ray A r/, must emerge to the surface very close to the station, i.e.,
A - A, < .6, where the error limit s is typically a few tens of meters. If A - A, > .6,
we select a new 0, and repeat the same procedure until the trial ray emerges close to the
station. To perform the iteration, we must consider the following two cases:
(1) If A, > A, the new #, is chosen between the two rays A 771 and A 177 .
To do this, in Eq. (B.14), the current values A, and 177 replace A2 and
772 respectively, and a new value for 17r is computed.
(2) If A, < A, the new f, is chosen between the rays A 7, and A 72 . To
do this, in Eq. (B. 14), the current values of A, and 7, replace A, and
17 respectively, and a new value for 177 is computed. In both cases, a
new value for 0, can be obtained from Eq. (B. 15).
134
(B. 14)
(B.15)
The preceding procedure for a source in the second layer can be generalized to a
source in a deeper layer, say, the jth layer. Once a trial angle f,, is chosen, we may use
Snell's law to compute successive incident angles to each overlying layer until the trial
ray reaches the surface at point A, with the q coordinate given by
.= . + h tan 0,
i=j-1
(B.16)
where 0, = f.. The incident angles are related by
sin 0,_ sin 0,+,
for 1 i : j
where 0, is the incident angle for the ith layer with velocity vi and thickness h,. With
the proper substitutions, Eq. (B. 17) can also be used to calculate A1 and A2 -
In this iterative procedure, the trial angle f, converges rapidly to the angle #
whose associated ray path reaches the station within the error limit F. Since this ray path
consists ofj segments of a straight line in each of the j layers, we can sum up the travel
time in each layer to obtain the travel time from the source to the station.
B.2 Derivatives and Take-Off Angle
Knowing how to compute travel time for both the direct and the refracted paths, we can
then select the minimum travel time path. The spatial derivatives and the take-off angle
can be computed from the direction cosines as follows.
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(B.17)
Let us consider an earthquake source at point A with spatial coordinates
(XA, YA ZA), and a station with spatial coordinates (xB, YB5 ZB). Let us
choose a coordinate system such that points A and B lie on the r/z plane, and A'is the
projection of A on z = ZR. In Figures B.6 and B.7, let us consider an element of ray path
ds with direction angles a, p, and y, and components dx, dy, and dz (with respect to the
x,y, and z axes, respectively). In Figure B.6, the projection of ds on the q axis is sinyds. In
Figure B.7, this projected element can be related to the components dx and dy of ds by
dx = cos a'sinyds, dy = cos/3'sinyds (B.18)
where a' and #6' are the angles between the 77 axis and the x and y axes, respectively.
Consequently, from Eq. (B. 18) and the definition of direction cosine for Y, we have
dx/ds = cos a' sin y, dy/ds = cos /' siny
dz/ds = cosy (B.19)
The angles a' and $' can be determined from Figure B.7 as
cosa' =(xB -xA)A, coS 6'= (yB - yA )/A (B.20)
where A is the epicentral distance between points A' and B' and is given by
A = [(xB - XA + (YB - YA )2 t2 (B.21)
For the refracted waves in a multilayer model (see Figure B.4), the direction angle
Y at the source is the take-off angle for the refracted path. If the earthquake source is in
thejth layer and the ray is refracted along the top of the kth layer, then by Eq. (B.9)
y1 A 0 j = arcsin(v1 /vk) (B.22)
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Therefore Eq. (B. 19) becomes
dx/ds = [(xB XA )/A] (vvk)
dy/ds = [(YB - YAjA] (v/Vk)
dz/ds = [1 -(vj /Vky/2 (B.23)
The spatial derivatives of the travel time evaluated at the source for this case are
U/aXT A (xB XA)A Vk)
aTk/aY A=-(YB YA)i(A k
Tk aZ A (kv) -Vk) (B.24)
and the take-off angle is
yjk= arcsin(v /vk) (B.25)
where the limits forj and k are given in Eq. (B. 11).
For the direct wave with earthquake source in the first layer, the spatial derivatives
of the travel time are
aT/ax| = -(xB XA)/(A v)
aT/ay A=-(YB YAA vl)
aT/az A= -(zB ZA )/(AV)
and the take-off angle is
V = arccos((zB -ZA)/A)
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(B.26)
(B.27)
where (xA, YA ZA ) is the coordinates at point A, (xB, YB' ZB) is the
coordinates at point B, and A = [(xB - XA )2 + (YB - YA )2 + (zB - ZA )2 /2 is the
path length between A and B.
For the direct wave with earthquake source in thejth layer (with velocity v,), we
find the direct ray path and its associated angle # by an iterative procedure as described
previously. The direction angle y at the source is the take-off angle V/ for the direct path.
Since the take-off angle is measured from the positive z direction, whereas the angle # is
measured from the negative z direction (see Fig. B.5), we have
y= VY = 1 8 0 - f (B.28)
Thus, using Eqs. (B.19), (B.20), and (B.2 1), and noting that sin(l 80 - f) = sin f, and
cos(1 80 - #) = - cos #, the spatial derivatives of the travel time evaluated at the
source for this case are
T/ax A= -(xB XA)(A vj )sin
8T/Y A= -(YB -YA)A V )sin0
aT/az A= CoS #V (B.29)
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Figure B.1: Diagram of direct and refracted paths in a velocity model of one layer over a
half-space.
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Figure B.2: Travel time versus distance for the model illustrated in Figure B. 1.
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Figure B.3: Diagram of travel paths in a velocity model of multiple layers with a source at
the surface.
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Figure B.5: Diagram to illustrate the computation of the travel path of a direct wave for a
layered velocity model.
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Figure B.7: Diagram of the projections of an element of ray path ds on the xy plane.
143
Appendix C
Spherical Earth Model:
Travel Time
C.1 Ray Integrals
Computing
Consider waves propagating in the half-space Z 0, in which velocity, vz), is a
function of depth alone. v(z) may be taken to be either compressional velocity, a(z),
or shear velocity, 8(z), depending upon the type of ray desired. For convenience,
assume the ray of interest is propagating in the x-z plane and in the +x direction. Define
medium slowness
u(z) (C.1)
horizontal ray slowness (or ray parameter)
sin(i(z))
v(z)
(C.2)
where i(z) is the (acute) angle the direction of ray propagation makes with the vertical
and the vertical slowness
(C.3)
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= v (z)W;
q(p, z) = (U2(Z)- _p27 )1.
It is well known that the ray parameter is invariant along the ray path under these
circumstances. The ray may propagate where p < u(z) and will turn (change from
down- to up-going or vise-versa) when p = u(z) (vertical slowness is zero). No
geometrical ray may propagate where p > u(z). Thus, both p and q(p, z) are always
real and (taking the principle value of the square root) nonnegative. The ray slowness
vector is then
p(x, z)= px q (C.4)
where + is taken for an up-going ray segment and - for a down-going segment.
has magnitude u(z) and points in the direction of ray propagation.
Travel time is given by
T(p)= 2 (Z)
q (p, z)
p(x, z)
(C.5)
where f [.] indicates the integral over the complete ray path. The contribution of every
segment of the ray path must be taken as positive. The range integral is given by
X(p)=f Pdq(p, z) (C.6)
The delay-time function, r(p), is related to T(X) by the Legendre transformation
r( p = T(p) - pX (p) (C.7)
and
dT
dX
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X=- d(C.8)
dp
In analogy with Hamilton's canonical equations, the ray parameter corresponds to a
generalized momentum. Thus, the invariance of ray parameter is simply a consequence of
the fact that the differential equations are cyclic in the horizontal coordinates (because
medium velocity is a function of depth only). Delay time may also be written as a ray
integral,
r(p)= q(p, z)dz. (C.9)
C.2 The Earth Flattening Transformation
In seismic problems, it is often necessary to explicitly account for the nearly spherical
nature of the Earth. It can be shown that for kinematic purposes, there is an exact
conformation mapping between planar and spherical geometries. Therefore equations for
the planar geometry may be used without loss of generality. The transformation is
x=rA
z =re ln -
reOv. (r)
Vf(Z) = '(, (C.10)
r
where A is angular distance on the sphere in radians, the subscripts s and f denote
spherical and flat geometries, respectively, and ro is some reference radius. If ro is chosen
to be the radius of the Earth, then -z corresponds to depth below the free surface and x is
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identical to arc length on the sphere. Eq.
A, ) onto the cylindrical polar coordinates (z, x, op). The azimuthal
angle, rp, is the same in both coordinate systems.
The exact nature of the transformation may be demonstrated by reconsidering the
tau integral. Rewriting Eq. (C.9),
-1/2
-pf= p dz
and substituting Eq. (C. 10) yields
- 2p, dr
r
(C.12)
where
(C.11)
r
v,(r)
r sin(is (r))
v,(r) =Pf (C.13)
Eq. (C. 12) yields delay time in the spherical coordinate system in terms of angular
slowness, r7,, and angular ray parameter, p,. Note that i, (z) = is (r) as the mapping is
conformal.
In spite of the exact nature of the transformation, one note of caution is desirable.
As r -> 0 near the center of a spherical model, z -> -oo in the corresponding flat
model and the flat model velocity behaves exponentially,
Vf (z)~ vs (O)e-/ra (C.14)
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(r,
(C.10) maps the spherical coordinates
r(pf ) = r/2r
While this behavior is not a problem in a mathematical sense, it can lead to numerical
difficulties. The simplest solution is to choose a model interpolation in this region which
gives sensible results for the spherical model and which allows analytical evaluation of
Eq. (C.9) over a semi-infinite interval.
C.3 Ellipticity Correction
It is also well known that the real earth is an elliptical sphere. The latitude a measured at
one point A (Figure C.1) on the surface of the Earth is called the geographic latitude. The
geocentric latitude 8 can be evaluated by the following relation
p = arctan((1 - e)2 tan(a)) (C.15)
where e is the ellipticity of the Earth and e ~ 1/298.25 = 0.0034. Both a and p are
plotted in Figure C.l.
A
0
A
8;a
0'
Figure C. 1: Diagram of geographic and geocentric latitudes at point A on the earth
surface.
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